Differential Salt Sensitivity in Potato Cultivars: The Role of Na+ Tissue Distribution and Vacuolar Na+ Sequestration by Jaarsma, R.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Differential Salt Sensitivity in Potato Cultivars: 
The Role of Na+ Tissue Distribution  
and Vacuolar Na+ Sequestration 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Rinse Jaarsma 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The work presented in this thesis was carried out at the Department of Structural Biology, 
Vrije Universiteit, De Boelelaan 1085, 1081 HV, Amsterdam, the Netherlands 
 
The project was supported by the Dutch Applied and Engineering Sciences (STW; 07912) 
 
Nederlandse vertaling: Verschillen in zoutgevoeligheid tussen aardappel rassen: De rol van Na+ 
opslag in weefsels en vacuoles 
 VRIJE UNIVERSITEIT 
 
 
 
 
Differential Salt Sensitivity in Potato Cultivars: 
The Role of Na+ Tissue Distribution and Vacuolar Na+ Sequestration 
 
 
 
 
 
 
 
 
 
 
 
 
ACADEMISCH PROEFSCHRIFT 
 
 
ter verkrijging van de graad Doctor  
aan de Vrije Universiteit Amsterdam, 
op gezag van de rector magnificus 
prof.dr. V. Subramaniam, 
in het openbaar te verdedigen 
ten overstaan van de promotiecommissie 
van de Faculteit der Bètawetenschappen 
op woensdag 9 januari 2019 om 09.45 uur 
in de aula van de universiteit 
De Boelelaan 1105 
 
 
 
 
door 
 
Rinse Jaarsma 
 
geboren te Amsterdam 
 
promoter: prof.dr. H. Lill 
copromoter:  dr.ir. A.H. de Boer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Content 
 
 
 
Chapter 1 
 
General introduction 
 
Chapter 2 
 
Effect of salt stress on growth, Na+ accumulation and proline metabolism 
in potato cultivars (Solanum tuberosum) 
 
Chapter 3 
 
Salinity tolerance of two potato cultivars (Solanum tuberosum) correlates 
with differences in vacuolar transport activity 
 
Chapter 4 
 
 Salinity induced changes in vacuolar proton pump activity in potato and 
barley cultivars: a patch-clamp study 
 
Chapter 5 
 
Salt induced K+ and H+ flux characteristics along roots of potato plants  
 
Chapter 6  
 
General discussion 
 
Chapter 7 
 References 
 
Summary 
 
Samenvatting 
 
Dankwoord 
7 
 
 
 
17 
 
 
 
 
35 
 
 
 
 
57 
 
 
 
 
75 
 
 
 
 87 
 
 
  
 93 
 
 
 
105 
 
109 
 
 
113 
 
 
 
  
 
 
 
  
Chapter 1. Introduction 
7 
 
 
 
 
Chapter 1  
 
Introduction 
 
R. Jaarsma and A. H. de Boer 
 
 
 
 
 
 
Department of Structural Biology, Faculty of Earth and Life Sciences, Vrije 
Universiteit, De Boelelaan 1085, 1081 HV, Amsterdam, The Netherlands  
 
 
 
 
 
 
 
 
 
 
 
Chapter 1. Introduction 
8 
Saline soils 
As the world population continues to grow, the availability of renewable freshwater 
resources for agriculture will decrease, and simultaneously the area of irrigated land 
will increase in the attempt to satisfy the need for more food. Nowadays, irrigated land 
already generates one third of all food produced worldwide due to its high productivity 
(Munns and Tester 2008) and 20% of irrigated land is contaminated with high salt 
concentrations (FAO 2008). Therefore, salinity stress is the most severe environmental 
stress limiting crop production (Tuteja 2007) and the area of salt affected soils will 
rapidly expand in the near future for various reasons.  
Some of these reasons may have natural causes, such as rock weathering and rainfall, 
often referred to as primary salinization. Although rainwater is considered as fresh 
water, it contains low amounts of salt and after rainfall over a longer period, these salts 
can accumulate in the soil (Rengasamy 2006). Other natural causes for soil salinity 
could be found in coastal areas. Tsunami’s and/or rising sea levels may lead to seawater 
intrusion, depositing huge amount of salts on land or salinizing groundwater by seepage. 
Nevertheless, salinization caused by rising sea levels may be a consequence of human 
activities. 
Other human activities such as land cultivation may also lead to saline soils and 
salinization as a result of agriculture and cutting forests is known as secondary 
salinization. In agricultural areas, poor irrigation practices or irrigation with saline 
water may lead to salt accumulation in arable soils, particularly in arid regions where 
evaporation is high (Flowers and Yeo 1995; Tester and Davenport 2003). Tree clearing 
and poor drainage may lead to a rise in groundwater levels and subsequently bringing 
salts from lower parts of the soil to the soil surface leading to higher salt concentration 
in the root zone (Munns and Tester 2008). 
 
Salt stress is subdivided in osmotic stress and ionic stress 
Salt stress has negative effects on plant growth which are either dependent or 
independent of ion accumulation in the shoot. Negative effects that are independent of 
ion accumulation are characterized by their rapid onset, far before ions can reach the 
shoots and leaves. This early occurring osmotic stress (Munns and Tester 2008) is 
caused by higher salt concentrations in the root zone that increases the osmotic potential 
of the soil. As a consequence, plants encounter difficulties taking up water, resulting in 
loss of turgor, stomatal closure and growth reduction (Munns and Tester 2008). Salt 
induced stomatal closure results in a reduction in gas exchange, an increase in leaf 
temperature and inhibition of shoot elongation (Sirault et al. 2009), where the first two 
have a negative effect on photosynthesis (Chaves et al. 2009; Wahid et al. 2007).  
A lower photosynthesis rate may result in higher levels of reactive oxygen species (ROS) 
such as superoxide radicals (•O2−), hydrogen peroxide (H2O2), hydroxyl radicals (•OH) 
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and enzymes that detoxify ROS (Logan 2008; Miller et al. 2010). If cells are not 
detoxified from ROS this may lead to lipid peroxidation, protein oxidation, enzyme 
inhibition and/or DNA and RNA damage (Mittler 2002) and comparison of H2O2 
accumulation in two rice cultivars showed that H2O2 accumulation is higher in the salt 
sensitive cultivar (Vaidyanathan et al. 2003). Plants have to a variable extent ROS 
scavenging antioxidant metabolites and enzymes. Potato cultivars containing elevated 
levels of antioxidant enzymes were found to be more salt tolerant (Benavídes et al. 
2000).  
After the early occurring osmotic phase, symptoms of the later occurring ionic phase of 
salt toxicity may become visible after several days to weeks. These symptoms are due 
to accumulation of salt in shoots and leaves. Once Na+ is inside the cytosol of plant 
cells, it may interfere with the function of K+ as a co-factor for a range of enzymes, 
since Na+ replaces K+ physically but not functionally (Shabala and Cuin 2008). 
Eventually, this may result in premature senescence, usually starting in older leaves 
(Munns and Tester 2008). 
 
Mechanisms of tolerance 
Since salinity has different effects on plants, there are also different mechanisms 
described for plants to tolerate salt stress which can be classified into three main 
categories (Munns and Tester 2008): 
i. Osmotic tolerance to overcome the initial growth reduction and 
stomatal closure.  
Roy and co-workers (2014) proposed that a better understanding for osmotic tolerance 
is needed since little is known about tolerance to the osmotic phase (Roy et al. 2014). 
The authors hypothesized that this process must involve rapid long distance signaling 
such as ROS waves (Mittler et al. 2011), Ca2+ waves (Gilroy et al. 2014) or long 
distance electrical signaling (Maischak et al. 2010). 
 
ii. Ion exclusion to prevent Na+ from travelling to shoots and leaves. 
Excess Na+ ions that reach the transpiration stream in the root system are destined for 
the shoot and leaves by transport through the xylem. However, plants have the ability 
to absorb Na+ from the xylem sap to surrounding tissue by means of ion transporters 
that belong to the HKT family (Horie et al. 2005). Additionally, the salt overly sensitive 
(SOS) pathway has also an important function in regulating Na+ transport within the 
plant (Mahajan et al. 2008). Higher expression of AtSOS1 expression in roots of 
different Arabidopsis ecotypes correlated with lower shoot Na+ accumulation (Jha et al. 
2010). 
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iii. Tissue tolerance to tolerate Na+ in shoots by accumulation of Na+ in 
vacuoles. 
During prolonged salt stress or low ion exclusion abilities, Na+ may eventually reach 
leaf cells. Vacuolar sequestration of Na+ in leaf cells avoids toxic levels of Na+ in the 
cytosol. Sequestering Na+ ions into vacuoles has a large impact on the cellular osmotic 
potential. To balance the water potential of the cytosol with the apoplast and the 
vacuolar lumen, plants produce osmotically active solutes like proline in response to 
salt stress (Szabados and Savoure 2010). 
 
Transport of Na+; from roots to leaves 
Under non-saline conditions, cytosolic Na+ is low and the membrane potential of root 
cells is around -140 mV. When roots encounter higher concentrations of Na+ in the soil, 
the electrochemical gradient favors passive transport of Na+ from the soil into root hair 
and epidermal cells (Blumwald 2000). The last decades different channels and 
transporters have been proposed to be involved in root Na+ influx such as non-selective 
cation channels (NSCCs) including the cyclic nucleotide-gated channels (CNGC) and 
glutamate receptors (GLRs), high affinity K+ transporters (HKTs), high affinity K+ 
uptake transporter (HAK) and the Arabidopsis K+ transporter AKT1 (Apse and 
Blumwald 2007; Plett and Møller 2010; Demidchik and Maathuis 2007; Hannachi and 
Van Labeke 2018; Wang et al. 2015). More recently, aquaporins have been reported to 
be involved in root Na+ uptake as well (Byrt et al. 2017). However, it is believed that 
the most important route for Na+ influx into roots are the voltage insensitive (VI-) 
NSCCs (Demidchik et al. 2002; Maathuis 2005; Maathuis and Sanders 2001).  
Because the electrochemical gradient favors Na+ influx, the plasma membrane 
depolarizes as a result of excess cytosolic Na+, which has a significant effect on K+ 
homeostasis in both root and leaf cells (Demidchik 2014; Shabala et al. 2006). If the 
membrane potential depolarizes and becomes more positive than the reversal potential 
for K+ (EK), non-selective channels will mediate net K
+ efflux from the cells. The EK 
depends from the cytosolic [K+] and the [K+] in the growth medium. Assuming a 
cytosolic [K+] of ~100 mM in root cells and a growth medium [K+] of 3 mM, EK would 
be around -90 mV.   
If Na+ is in the root epidermis, it can be radially transported to the xylem via the 
apoplastic and/or symplastic pathways (Plett and Møller 2010). Na+ moving through 
the root apoplast may actually be bound to the root apoplast and the rest travels to the 
endodermis where transport across the plasma membrane is necessary to pass the 
Casparian band to reach the stele (Plett and Møller 2010). Na+ in the cytoplasm of root 
cells travels faster to the xylem through the symplastic pathway connected by 
plasmodesmata and still, it is unclear if Na+ transport in the symplast route is regulated 
(Plett and Møller 2010). However, a cation/H+ exchanger (CHX) may facilitate Na+ 
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xylem loading from the root endodermis because the atchx21 Arabidopsis mutant 
shows lower Na+ accumulation in leaves than the wild type Arabidopsis plants (Hall et 
al. 2006). Now that Na+ is in the transpiration stream it is transported towards leaves. 
In leaves, Na+ is most harmful (Munns and Tester 2008) and HKTs in stems of dicots 
may retrieve Na+ from the transpiration stream into xylem parenchyma cells and 
thereby regulating Na+ delivery to the leaves (Horie et al. 2012). It was shown that salt 
induced SlHKT1.2 in stems of tomato correlates with lower Na+ accumulation in leaves 
(Almeida et al. 2014). Na+ that eventually reaches the leaves and Na+ that is transported 
into xylem parenchyma cells has to be removed efficiently by compartmentalization of 
Na+ in vacuoles to prevent detrimental effects on cellular processes (Munns and Tester 
2008) such as premature senescence, already occurring over several days to weeks after 
salt stress (Roy et al. 2014).  
 
Transport of Na+ into vacuoles 
Toxic cytosolic Na+ concentrations are in the range of 30 (Tester and Davenport 2003) 
to 100 mM (Munns and Tester 2008). To prevent toxic effects, Na+ is sequestered into 
vacuoles where it can serve as an inorganic osmoticum to maintain turgor (Shabala and 
Mackay 2011). Na+ may enter vacuoles by the activity of Na+/H+ antiporters energized 
by a proton motive force (PMF) established by vacuolar proton pumps. There is still 
debate which protein facilitates the Na+/H+ antiport activity and many studies suggest 
a role for members of the NHX family (Munns and Tester 2008; Pardo and Rubio 2011; 
Rodríguez-Rosales et al. 2009). 
However, AtNHX1 catalyzes both Na+/H+ and K+/H+ antiport (Jiang et al. 2010) and 
SlNHX2 from tomato (Solanum lycopersicum) was found to catalyze solely K+/H+ 
antiport (Rodriguez Rosales et al. 2008). In addition, NHX isoforms also play 
significant roles in other cellular processes, such as membrane trafficking, pH- and ion 
homeostasis, stomatal regulation, cell turgor and growth and development (Barragán et 
al. 2012; Bassil et al. 2011; Bassil and Blumwald 2014; Eckardt and Berkowitz 2011; 
Reguera et al. 2015).  
Agarwal and co-workers (2013) reviewed mutants expressing NHX in a variety of 
species and they all showed improved salt tolerance and increased accumulation of Na+ 
or K+ (Agarwal et al. 2013). However, expression of AtNHX1 in barley did not improve 
plant performance during saline conditions (Adem et al. 2015), may be because the 
barley homologue of AtCAM15 could not bind the C-terminus of ATNHX1 properly 
(Yamaguchi et al. 2005) and plant performance might have been improved if AtCAM15 
was expressed along with ATNHX1 in barley. 
To transport ions into the vacuoles an electrochemical H+ gradient across the tonoplast 
has to be established by V-H+-ATPases and/or V-H+-PPases, using ATP and PPi as a 
substrate respectively and tonoplast enriched vesicles isolated from Suaeda salsa 
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showed an upregulation of V-H+-ATPase activity after salt treatment (Wang et al. 2001). 
Transcript levels of V-H+-ATPase genes were only slightly induced in barley after salt 
stress (Fukuda et al. 2004) and in the woody plant Broussonetia papyrifera, transcript 
levels of several V-H+-ATPase subunits increased upon salt treatment in root and leaf 
tissues (Zhang et al. 2012). However, V-H+-ATPase has other roles in plant cells as 
well, like efficient nutrient storage (Krebs et al. 2010) and membrane trafficking, 
depending on their cellular localization as was shown with mutant analysis 
(Schumacher and Krebs 2010).  
Transgenic plants expressing H+-PPase, accumulated more Na+ in leaves or shoots and 
had higher V-H+-PPase activity compared to wild type plants (Gaxiola et al. 2001). 
Other transgenic plants expressing the H+-PPase did not show higher Na+ accumulation 
but may still compartmentalize more Na+ in their vacuoles (Schilling et al. 2014). The 
wheat genes encoding the vacuolar proton-pumping pyrophosphatase (H+-PPase) 
(TaVP1 and TaVP2), showed induced expression in response to salinity (Wang et al. 
2009) and were shown to have major roles in abiotic stress amongst other functions, 
such as maintaining cellular PPi homeostasis, heterotrophic growth, increased auxin 
transport and sucrose transport from source to sink tissues (Schilling et al. 2017). 
Queiros and colleagues (2009) provided evidence that a more efficient Na+ 
sequestration mechanism improves salt tolerance in potato cells (Queirós et al. 2009). 
They adapted calli to 150 mM NaCl and the selected NaCl-tolerant calli lines showed 
higher ATP- and PPi dependent H+ transport and higher Na+/H+ antiport activity as 
compared to control cells. 
 
Compatible solutes and the cytosolic water potential 
Vacuolar sequestration of Na+ avoids toxic levels of Na+ in the cytosol and makes at 
the same time the water potential of a large volume of the cell more negative. 
Sequestering Na+ ions into vacuoles has a large impact on the cellular osmotic potential. 
To balance the water potential of the cytosol with the apoplast and vacuolar lumen, 
plants produce osmotically active solutes or compatible solutes (Bohnert et al. 1995). 
These compatible solutes or osmo-protectants are small and are non-toxic to the cell at 
molar levels and includes betaines, amino acids and sugars (Bohnert et al. 1995; Chen 
and Murata 2002). A well know salt induced compatible solute in plants is the amino 
acid proline (Szabados and Savoure 2010). Besides regulation of osmotic pressure, 
osmo-protectants like proline have been shown to stabilize proteins and membranes, 
protect plants against free radical-induced damage and proline maintains appropriate 
NADP+/NADPH ratios (Mansour 1998; Matysik et al. 2002). A key mechanism in 
proline metabolism is the reciprocal regulation of the proline biosynthesis gene P5CS1 
and the proline degradation gene PDH (Mansour 1998; Szabados and Savoure 2010). 
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During salt stress, P5CS1 is induced and PDH is repressed (Mansour 1998; Matysik et 
al. 2002; Peng et al. 1996). 
 
Studies into the effect of salt stress on potato 
In view of the wealth of salt stress related studies on model plants and crops, there are 
relatively few studies that describe which traits remained in current potato cultivars that 
might be a starting point to improve tolerance of potato to salt. Potato is the fourth most 
cultivated crop world-wide after rice, wheat and maize. In (semi)arid areas where salt 
stress is a serious problem, crop productivity is considerably reduced. Potato is an 
important staple food in the human diet in many countries worldwide and the trend of 
potato production is towards more hectares in warmer and dryer climates (Levy and 
Veilleux 2007). In these areas, potato production heavily relies on irrigation to secure 
high-quality yield. Global scarcity of fresh water is a major challenge for agriculture 
dependable from irrigation.  
Wild potatoes growing under harsh conditions in the Andes are relatively stress tolerant, 
but extensive breeding and selection for traits other than abiotic stress tolerance have 
resulted in cultivars that are considered salt sensitive (Arvin and Donnelly 2010) (FAO, 
2010). Previously and based on specific criteria, potato was found to be moderately 
tolerant to salinity (Maas and Hoffman 1977) and considering the importance of potato 
as a staple food, relatively few studies address the physiological, biochemical and 
molecular responses that take place during salt stress in potato and most studies are 
performed in field conditions or in soil experiments. For example, Munira and 
colleagues (2015) planted 10 cultivars on pots for over 30 days and found that more 
sensitive cultivars suffered from a reduction in chlorophyll content and tuber yield 
decrease (Munira et al. 2015). 
Biochemical and molecular studies related to salinity and potatoes showed that 
activities of ascorbate peroxidase, catalase and glutathione reductase were increased in 
NaCl‐exposed shoots of Kennebec (salt-tolerant) and the corresponding activities in 
NaCl‐exposed shoots of Concord (salt-sensitive) were decreased (Aghaei et al. 2009). 
A comparison of four other potato cultivars showed a decrease in K+ content and an 
increase in proline content in shoots when plants were moderately salt stressed (50-75 
mM NaCl) (Rahnama and Ebrahimzadeh 2004). Furthermore, expression of the 
AtP5CS in potato strongly stimulated proline production particularly in the presence of 
100 mM NaCl and improved salinity tolerance with respect to tuber yield and weight 
(Hmida-Sayari et al. 2005).  
A micro array analysis showed that major changes upon NaCl treatment occurred in the 
photosystem apparatus and Calvin cycle in potato leaves: many transcripts coding for 
proteins belonging to photosystems I and II and chlorophyll synthesis were repressed 
(Legay et al. 2009). Using a tissue culture technique (cv. Desiree), Queiros et al. 
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isolated tonoplast enriched vesicles from non-adapted and 150 mM NaCl-tolerant 
suspension-cultured cells exposed to salt stress and the activity of the vacuolar pumps 
and the Na+/H+-antiport were higher in tonoplast vesicles from the salt-tolerant cell line 
(Queirós et al. 2009). 
 
Outline of the thesis 
In this work we analyzed the response of potato (Solanum tuberosum) cultivars to NaCl 
stress at physiological, molecular and biochemical level. Potato is a major crop plant 
and is classified as moderately salt-sensitive. We compared six potato cultivars (Desiree, 
Mozart, Mona Lisa, Bintje, Mondial and Russet Burbank) in their response to applied 
salt. Comparative studies may provide insight in the salt tolerance mechanisms present 
in widely cultivated potato cultivars. In view of the global importance of potato, relative 
few studies are conducted on potato in relation to salt stress. Many studies in relation 
to salt stress have been conducted on monocots such as rice and wheat. Due to the 
different morphology, salt induced responses found in cereals may not be easily 
applicable to dicots such as potato.  
The general research question is: What different mechanisms are present that contribute 
to salt tolerance in potato cultivars on the physiological, biochemical and molecular 
level? To answer this question additional question can be addressed: 
 
• How is Na+ distributed between different tissues? 
• How about the K+ decrease in different tissues? 
• How is tissue responding to excess salt? Growth decrease? Premature 
senescence? 
• What are the roles of ROS and osmolytes in potatoes in different tissues? 
• What strategy is potato using to cope with salt stress? 
 
In Chapter 1, we provide an overview of the salt tolerance mechanisms relevant for the 
questions addressed above and we show what is already known from potato and their 
response to salt treatment. 
In Chapter 2, we measured growth and the response of six cultivars to increased root 
NaCl concentrations. We measured organ specific Na+ sequestration to prevent excess 
Na+ accumulation in leaves as a mechanism to increase salt tolerance and prevent 
premature senescence. We found a positive correlation between stem Na+ sequestration 
and salt tolerance for the potato cultivars. Furthermore, the salt tolerant cultivars 
sequester more K+ in leaves than the more salt sensitive cultivars, resulting in a higher 
K+/Na+ ratio in leaves. Subsequently we showed higher proline accumulation and 
differential expression of StP5CS and StPDH to explain differences in salt tolerance 
between two cultivars.  
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In Chapter 3, we isolated tonoplast enriched vesicles from leaves of two potato cultivars 
contrasting in salt tolerance as was shown in the previous chapter. Plants were 
submitted to 0 mM and 60 mM NaCl. Tonoplast vesicles were isolated to measure 
substrate induced transport activities and to estimate the protein amounts of V-H+-
ATPase and V-H+-PPase. V-PPase expression analysis was correlated to protein 
amount and V-H+-PPase activity and NHXs expression analysis was correlated to 
Na+/H+ antiport activity. 
In Chapter 4, we isolated vacuoles from protoplasts of two potato cultivars and two 
barley varieties contrasting in salt tolerance and used the patch-clamp technique to 
measure vacuolar pump activity as a substrate (PPi and ATP) induced proton currents. 
Leaf vacuoles were isolated from control and salt treated potato and barley cultivars.  
In Chapter 5, we used the SIET system (vibrating probe) to measure the K+ and H+ 
efflux profile along the root of tetraploid and diploid potatoes that differ in salt tolerance. 
Salt induced K+ loss appeared to be the highest in the elongation zone of all tested 
potato cultivars and clones. 
In Chapter 6 we discuss the results presented in the different Chapters, we try to explain 
the differences found between the transport activities of the tonoplast vesicles and the 
isolated vacuoles of the two potato cultivars and we summarize the strategies used by 
potato to tolerate moderate salt stress. 
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Abstract. 
Potato (Solanum tuberosum) is a major crop world-wide and the productivity of 
currently used cultivars is strongly reduced at high soil salt levels. We compared the 
response of six potato cultivars to increased root NaCl concentrations. Cuttings were 
grown hydroponically and treated with 0 mM, 60 mM and 180 mM NaCl for one week. 
Growth reduction on salt was strongest for the cultivars Mozart and Mona Lisa with a 
severe senescence response at 180 mM NaCl and Mozart barely survived the treatment. 
The cultivars Desiree and Russett Burbank were more tolerant showing no senescence 
after salt treatment. A clear difference in Na+ homeostasis was observed between 
sensitive and tolerant cultivars. The salt sensitive cultivar Mozart combined low Na+ 
levels in root and stem with the highest leaf Na+ concentration of all cultivars, resulting 
in a high Na+ shoot distribution index (SDI) for Mozart as compared to Desiree. Overall, 
a positive correlation between salt tolerance and stem Na+ accumulation was found and 
the SDI for Na+ points to a role of stem Na+ accumulation in tolerance. In stem tissue, 
Mozart accumulated more H2O2 and less proline compared to the tolerant cultivars. 
Analysis of the expression of proline biosynthesis genes in Mozart and Desiree showed 
a clear reduction in proline dehydrogenase (PDH) expression in both cultivars and an 
increase in pyrroline-5-carboxylate synthetase 1 (P5CS1) gene expression in Desiree, 
but not in Mozart. Taken together, current day commercial cultivars show promising 
differences in salt tolerance and the results suggest that mechanisms of tolerance reside 
in the capacity of Na+ accumulation in stem tissue, resulting in reduced Na+ transport 
to the leaves. 
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Introduction 
Accumulation of salts in soil has a negative effect on the production of a wide variety 
of crops. For various reasons the area of salt affected soils will rapidly expand in the 
near future. As the world population continues to grow, the availability of renewable 
freshwater resources for agriculture will decrease, and simultaneously the area of 
irrigated land will increase in the attempt to satisfy the need for more food. In view of 
the wealth of salt stress related studies on model plants and crops, there are relatively 
few studies that describe which traits remained in current potato cultivars that might be 
a starting point to improve tolerance of potato to salt. Potato is the fourth most 
cultivated crop world-wide and in (semi)arid areas where salt stress is a serious problem, 
productivity is considerably reduced. Wild potatoes growing under harsh conditions in 
the Andes are relatively stress tolerant, but extensive breeding and selection for traits 
other than abiotic stress tolerance have resulted in cultivars that are considered 
moderately salt tolerant (Arvin and Donnelly 2008) (FAO, 2010).  
Salt stress results in a reduction in biomass production, a decrease in shoot length, 
induction of senescence response or earlier plant death. Studies over the last years have 
revealed a number of important strategies to improve salt tolerance. One strategy is the 
controlled influx of Na+ into the root cells. A comparison of Na+-influx in root cells of 
the glycophyte Arabidopsis thaliana and those of the halophyte Thellungiella halophila 
shows that ion channels in the halophyte species are much more selective for Na+ than 
those of Arabidopsis (Volkov and Amtmann 2006). In general, Na+-influx is mediated 
by non-selective cation channels (NSCCs) (Demidchik and Maathuis 2007), but it is 
unclear which class of NSCC is most important for Na+-influx nor the underlying genes 
have been identified (Kronzucker and Britto 2011). Excess Na+ ions that reach the 
transpiration stream in the root system are destined for the shoot by transport through 
the xylem. However, plants have the ability to absorb Na+ from the xylem sap to 
surrounding tissue by means of Na+-transporters that belong to the HKT family (Horie 
et al. 2005). This mechanism seems to be particularly important for glycophytes that 
cannot tolerate high Na+ levels in the leaves, like Arabidopsis thaliana columbia 
ecotype. Arabidopsis ecotypes from coastal areas or saline soils have a weak allele of 
the AtHKT1;1 gene, have elevated leaf Na+ levels and are more salt tolerant than 
Arabidopsis thaliana Columbia ecotype (Baxter et al. 2010; Jha et al. 2010). This is 
probably due to a higher capacity of these coastal ecotypes to sequester Na+ in the leaf 
vacuoles. Plants well adapted to salt like halophytes, have a high capacity to accumulate 
Na+ ions in the large central vacuole (Flowers and Colmer 2008). Vacuolar 
sequestration of Na+ avoids toxic levels of Na+ in the cytosol and reduces at the same 
time the water potential of a large volume of the cell. Sequestering Na+ ions into 
vacuoles has a large impact on the cellular osmotic potential. To balance the water 
potential of the cytosol with the apoplast and vacuolar lumen, plants produce 
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osmotically active solutes like proline in response to salt stress (Szabados and Savoure 
2010). Besides regulation of osmotic pressure, proline has been shown to stabilize 
proteins and membranes, protect plants against free radical-induced damage and proline 
maintains appropriate NADP+/NADPH ratios (Mansour 1998; Matysik et al. 2002). A 
key mechanism in proline metabolism is the reciprocal regulation of the proline 
biosynthesis gene P5CS1 and the proline degradation gene PDH (Peng et al. 1996; 
Szabados and Savoure 2010). During salt stress, P5CS1 is induced and PDH is 
repressed (Kishor et al. 2005; Peng et al. 1996; Strizhov et al. 1997). Over-expression 
of the P5CS gene from Arabidopsis in potato strongly stimulated proline production 
particularly in the presence of 100 mM NaCl and improved salinity tolerance with 
respect to tuber yield and weight (Hmida-Sayari et al. 2005). 
Once Na+ is inside the cytosol of plant cells and is not sequestered in the vacuole, it 
may interfere with the function of (K+) as a co-factor for a range of enzymes, since Na+ 
replaces K+ physically but not functionally (Shabala and Cuin 2008). The ability to 
maintain K+ homeostasis during salt stress is considered a characteristic of more salt 
tolerant plants (Hauser and Horie 2010; Shabala and Cuin 2008). One important novel 
determinant for salt tolerance is the ability to retain K+ in the root upon exposure to 
NaCl as was shown for a range of barley and wheat cultivars by using the vibrating 
probe technique (Chen et al. 2007; Cuin et al. 2008). 
Besides disturbing K+ homeostasis, enhanced cellular Na+ levels induce the production 
of reactive oxygen species (ROS), such as superoxide radicals (•O2−), hydrogen 
peroxide (H2O2), and hydroxyl radicals (•OH) (Miller et al. 2010). A comparison of 
H2O2 accumulation in two rice cultivars showed that H2O2 accumulation is much higher 
in the salt sensitive cultivar (Vaidyanathan et al. 2003). ROS can damage cellular 
structures and plants have to a variable extent ROS scavenging antioxidant metabolites 
and enzymes. Potato cultivars containing elevated levels of antioxidant enzymes were 
found to be more salt tolerant (Benavídes et al. 2000).  
In this study, we have investigated the salinity tolerance of six potato cultivars by 
analyzing physiological parameters, Na+ and K+ contents, H2O2 contents and proline 
contents in roots, stems and leaves. In leaf and stem tissues expression of genes 
involved in the proline pathway was analyzed. We related growth performance to Na+ 
accumulation in the different tissues and we analyzed differences in distribution of Na+ 
in aerial parts of all cultivars to explore differentiations between cultivars in the 
movement of Na+ through the plant. A comparison of the responses of these cultivars 
to salt stress will be useful in identifying the mechanisms of salt tolerance in potato. 
Important differences were found in the accumulation of Na+ ions and proline in the 
shoot. These differences can be used as a starting point to elucidate the molecular 
mechanisms that enable potato plants to cope with salt stress. 
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Results 
Salt stress induced fresh weight reduction 
Based on the outcome of a pilot experiment with 10 cultivars grown as cuttings in agar 
medium with NaCl, tolerant and sensitive cultivars were selected for this study. These 
were the cultivars Desiree, Russet Burbank, Bintje, Mondial, Mona Lisa and Mozart. 
To evaluate the salinity tolerance of these six cultivars, plants were propagated as 
cuttings for two weeks and then grown on hydroponics (1/2 strength Hoagland) for 
three weeks, whereat during the last week of the experiment plants were exposed to 
three levels of salt (0 mM, 60 mM and 180 mM NaCl). Fresh weight production and a 
number of salt related cellular parameters were measured in response to these salt 
treatments. The cultivars Desiree, Russet Burbank and Bintje did not show a significant 
reduction in fresh weight (FW) when exposed to 60 mM NaCl as compared to growth 
at 0 mM NaCl (Figure 1A). The FW production of the other three cultivars decreased 
after 60 mM NaCl compared to the 0 mM NaCl treatment. Two-way ANOVA showed 
a significant varietal effect of salinity on the fresh weight of the six potato cultivars 
after the 60 mM NaCl treatment. At 60 mM NaCl Mozart showed the strongest growth 
reduction: around 40%. At 180 mM, all cultivars showed a significant reduction in FW 
over the 7 d period; however, no significant difference in growth reduction was found 
at 180 mM NaCl between cultivars. The lack of difference in growth reduction between 
cultivars indicates that the 180 mM NaCl treatment is relatively severe for potato plants 
to cope with. The cultivars Mozart and Mona Lisa showed a severe senescence response 
at 60 mM and 180 mM NaCl (Figure 1B) and at 180 mM Mozart barely survived. The 
cultivar Desiree did not show any senescence response at elevated NaCl levels, 
including 180 mM NaCl. 
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Figure 1. Effect of 60 mM and 180 mM NaCl on the growth of six potato cultivars. 
A. Diversity in the salt tolerance of 6 cultivars, shown as decreases in fresh weight after 
growth on hydroponic culture, relative to plant growth in the absence of NaCl. Results 
are means of three replicates and expressed as percentages from the weight of control 
plants. (±S.E.). The average coefficient of variation (CV) for all cultivars grown at 0 
mM NaCl was 0.3 (0.2 to 0.4), for cultivars grown at 60 mM the CV was 0.4 (0.2 to 
0.5) and for cultivars grown at 180 mM the CV was 0.5 (0.3 to 0.7). B. Representative 
photographs of the six potato cultivars grown on hydroponics for three weeks after 
treatment with either 0, 60 or 180 mM NaCl during the last seven days. 
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Effect of salt stress on tissue levels of Na+  
The amount of Na+ and K+ accumulated in leaf, stem and root tissue is shown in Figure 
2. A two-way ANOVA showed a significant varietal effect of salinity on the Na+ 
concentrations in the leaf and stem tissues but not in the root tissues. The absence of a 
significant varietal effect in root tissues is caused by the high variation in Na+ 
concentrations in roots grown at 180 mM NaCl. A significant varietal effect of salinity 
on roots was found when values from plants grown at 180 mM NaCl were excluded 
from the statistical analysis, again indicating the 180 mM NaCl treatment is rather 
severe for all potato cultivars. Mozart and Mona Lisa, cultured at 60 mM NaCl, 
accumulate significantly less Na+ in the roots and stems as compared to the other 
cultivars. In Mozart, these relatively low Na+ levels in root and stem are combined with 
the highest leaf Na+ concentration of all cultivars. This results in a much lower Na+ 
root:leaf ratio for Mozart (around 0.25) as compared to Desiree (1.25) at 60 mM NaCl. 
 
Figure 2. Sodium and potassium concentrations in the leaves, stems and roots of 
the six cultivars. Plants were grown hydroponically for three weeks and treated with 
either 0, 60 or 180 mM NaCl during the last seven days. At harvest, leaves, stems and 
roots were collected separately. Roots were rinsed with deionized water before analysis. 
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Tissues were dried overnight at 70 ˚C and Na+ and K+ contents in the tissue extracts 
were determined by using High Pressure Liquid Chromotography. Four plants in each 
treatment were used. The experiment was repeated three times and the results show the 
mean ± SE. 
 
Effect of salt stress on tissue levels of K+  
No significant differences were observed in K+ concentrations between cultivars in 
leaves, stems or roots after salt treatment (Figure 2). In leaf tissue the overall trend is a 
reduction in K+ with increasing salt stress and in roots it is remarkable that at 60 mM 
NaCl the K+ concentrations are higher than in roots grown without salt. Interestingly, 
the salt sensitive cultivars Mozart and Mona Lisa maintained K+ levels in stem tissue 
at control level after 60 mM and 180 mM salt treatment (Figure 2D); this despite the 
fact that Na+ levels drastically increased at 180 mM NaCl (Figure 2B). We calculated 
the leaf K:Na ratio as shown in Table 1. Five cultivars show a comparable (no 
significant differences) K:Na ratio ranging from 2.1 to 2.8 at 60 mM NaCl and 1.1 to 
1.7 after 180 mM NaCl treatment. However, Mozart is the exception and a multiple 
comparison analysis shows that Mozart has a significantly lower K:Na ratio as 
compared to the other cultivars in leaves. 
 
Table 1. K+:Na+ ratio calculated for leaf tissue of the six cultivar grown hydroponically 
for three weeks and treated with 60 or 180 mM NaCl. Results are the mean ± SD for 
three biological replicates. 
mM 
NaCl 
Russet 
Burbank 
Mondial Bintje Desiree Mona 
Lisa 
Mozart 
60 2.8 ± 0.6 2.4 ± 0.04 2.9 ± 0.3 2.1 ± 0.7 2.7 ± 0.5 1.4 ± 0.05 
180 1.1 ± 0.3 1.5 ± 0.1 1.7 ± 0.3 1.1 ± 0.3 1.2 ± 0.4 0.5 ± 0.03 
 
Plant Tolerant Index and Shoot Distribution Index of potato cultivars 
For plants exposed to 60 mM NaCl we calculated the plant tolerance index (PTI) as 
FWsalt/FWcontrol and related this to the amount of Na+ in leaves, stems and roots of all 
cultivars (Figure 3A, B and C). For stem tissue, but not for leaf- and root tissue, this 
analysis shows a positive correlation for all six cultivars: Mozart and Mona Lisa 
combine low stem Na+ accumulation with a low PTI, and Russet Burbank and Bintje 
accumulate significantly higher concentrations of stem Na+ while maintaining normal 
levels of growth (high PTI) in 60 mM NaCl (Figure 3B).  
As an index for the distribution of sodium between stem and leaf tissues we calculated 
the Shoot Distribution Index (SDI) as [Na+]leaves/[Na+]stems for 60 mM and 180 mM 
NaCl treatments and plotted SDI60 against SDI180 (Figure 3D). The SDI shows an 
interesting difference between the two sensitive cultivars (Mozart and Mona Lisa) and 
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the other four cultivars. First, the more tolerant cultivars have an SDI of around 1 and 
this remains constant at both NaCl concentrations (Figure 3D). In contrast, Mozart and 
Mona Lisa have an SDI of around 3 at 60 mM NaCl and the SDI decreases when grown 
at 180 mM NaCl. 
  
H2O2 concentration of potato cultivars 
To investigate the effect of salt stress on net ROS accumulation in the cultivars, we 
measured the H2O2 concentrations in leaves, stem and roots of control and salt treated 
plants. In leaves, a two way ANOVA showed no varietal effect of the salt treatment, 
although the statistical analysis did show that the salinity treatment had effect on the 
H2O2 accumulation in all cultivars (Figure 4A). Notably, plants grown at 60 mM NaCl 
have lower H2O2 concentrations in leaves than control plants. In stem tissue H2O2 levels 
differed between cultivars after the salt treatment, with Mozart having significantly 
higher H2O2 levels as compared to the other cultivars (Figure 4B). The very high 
concentrations of H2O2 in the stem of Mozart plants grown at 180 mM salt correspond 
with the poor growth performance of these plants (Figure 1). Although a two way 
ANOVA did not show a varietal effect in root tissue, a trend was found that Mozart has 
higher levels of H2O2 after salinization in root tissue compared to other cultivars (Figure 
4C). For the stem tissue and for the root tissue a multiple comparison analysis showed 
that Mozart has increased concentrations of H2O2 during salinity. 
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Figure 3. Plant tolerance index related to salinity tolerance and the sodium shoot 
distribution. Relationship between (A) leaf, (B) stem and (C) root Na+ content and 
plant salinity tolerance, as measured by total fresh weight (FW) in salt stressed plants 
÷ total FW in control plants (modified from Jha et al., 2010), in six potato cultivars. 
Results are the mean ± SE of three biological replicates. 
(D) Relationship (Shoot Distribution Index; SDI) between sodium concentrations in 
leaves and in stems, as determined by (sodium concentrations in leaves) ÷ (sodium 
concentrations in stems) for plants treated with 60 mM NaCl (x-axis) and plants treated 
with 180 mM NaCl (y-axis). The inserted dotted line represents the function y = (f)x. 
In both salt treatments, four cultivars have an SSD value of around one, what indicates 
that these four cultivars distribute sodium equally between leaves and stems. The SDI 
of Mozart and Mona Lisa reaches values of more than three after 60 mM NaCl treatment, 
what implies that sodium concentrations in the leaves are three times higher as 
compared to stems, after the 60 mM NaCl treatment. 
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Figure 4. The effect of NaCl treatments on hydrogen peroxide concentrations in 
(A) leaves, (B) stems and (C) roots of six potato cultivars. Data represents the means 
± SE for three biological replicates. 
 
Proline concentration of potato cultivars 
We analyzed the proline content of leaf-, stem- and root tissues of plants grown at 0 and 
60 mM NaCl (Figure 5). In leaf and stem tissue, a two-way ANOVA indicates a 
significant effect of salinity on the proline content (Table 2). Upon salt stress, the 
proline concentrations increased in leaf- and stem tissues for each cultivar (Figure 5). 
In stem tissue, Mozart accumulates significantly less proline as compared to Desiree 
and Mondial after the 60 mM NaCl treatment. In root tissue, a two way ANOVA 
analysis showed a varietal effect on the proline content of enhanced salinity (Table 2). 
After salt treatment, proline concentrations in roots remained unchanged in the cultivars 
Mona Lisa and Mondial, increased in the cultivars Desiree and Bintje and decreased in 
the cultivars Russet Burbank and Mozart (Figure 5C). 
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Table 2. Results of two way ANOVA of cultivar (C) and salinity (S) effects and their 
interaction (C x S) for the proline concentrations in leaf, stem and root tissues. Numbers 
represent F values at 5% level, * p < 0.05, ** p < 0.001. 
Dependent variable Independent variable 
Proline C S C x S 
Leaf tissue 1.6   32.7 ** 0.7 
Stem tissue 4.2 28.8 ** 0.8 
Root tisue 1.8 0.1 2.8* 
 
 
Figure 5. The effect of NaCl treatments on 
proline concentrations in (A)leaves, (B) 
stems and (C) roots of six potato cultivars. 
Data represents the means ± SE for three 
biological replicates.               
 
Expression profiling of enzymes involved 
in the proline pathway. 
Potato expressed sequence tags (EST’s) 
were found for genes encoding enzymes 
involved in the proline pathway by 
homology search using genes from 
Arabidopsis as described in Material and 
Methods. Two cultivars contrasting in the 
properties analysed so far, Mozart versus 
Desiree, were chosen for expression analysis 
of three genes related to proline biosynthesis 
(P5CS1 and P5CR) and breakdown (PDH). 
Expression profiles were determined in leaf 
and stem tissue of control and 60 mM NaCl 
treated plants (Figure 6). Transcript levels of 
both P5CS1 and P5CR were much higher in 
stem than in leaf tissue and stem expression 
is constitutively high for both cultivars (Figure 6A, B, C, D). In leaves, salinity induced 
a two-fold increase in P5CS1 expression of Desiree, whereas Mozart P5CS1 did not 
respond (Figure 6A). A clear salt response is shown by the PDH gene in both cultivars: 
both in stem and leaf tissue salt stress reduced the expression levels 3- to 4-fold (Figure 
6E, F).  
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Figure 6. Expression analysis of genes involved in the proline metabolism pathway. 
The effect of NaCl treatments (0 and 60 mM) on the expression profile of P5CS1, P5CR, 
PDH, in the leaves (A, C, E) and the stems (B, D, F) of the cultivar Desiree and the 
cultivar Mozart. Results are the mean ± SE for three biological replicates. 
 
Discussion  
Despite the agricultural importance of potato little is known about the differences and 
mechanisms of salt tolerance in currently used potato cultivars. A few studies have 
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compared potato cultivars or addressed known molecular mechanism of salt tolerance 
like ion homeostasis, proline accumulation, activity of antioxidant enzymes and 
vacuolar sequestration (Aghaei et al. 2009; Benavídes et al. 2000; Queirós et al. 2009; 
Rahnama and Ebrahimzadeh 2004). The ability to exclude sodium from the shoot is an 
important determinant of salt tolerance in both monocots and dicots (Garthwaite et al. 
2005; Gorham 1990; Munns and Tester 2008; Zhu 2001). However, the salt sensitive 
Arabidopsis ecotype Columbia grown at moderate salt concentrations keeps the shoot 
Na+ concentration much lower than do coastal, more salt tolerant, ecotypes (Rus et al. 
2006). This strategy has a limited capacity since growth of Arabidopsis ecotype 
Colombia at high salt is severely limited due to a strong increase in shoot Na+ 
concentration. Like Arabidopsis, potato plants are dicots and shoots from potato plants 
are easily separable enabling to distinguish ion homeostasis between leaf- and stem 
tissue. The more salt sensitive potato cultivars of this study, Mozart, Mona Lisa and 
Mondial keep the average stem Na+ concentration lower than the more salt tolerant 
cultivars Russet Burbank and Desiree (Figure 2 and 3). The more salt tolerant potato 
cultivars seem to have a similar strategy as the coastal Arabidopsis ecotypes when 
grown at intermediate NaCl level. The positive relationship found in this study between 
the PTI and stem Na+ concentrations is partly comparable to what was reported before 
in a study with a range of Arabidopsis ecotypes (Jha et al. 2010). Jha and co-workers 
suggested that Arabidopsis may use mechanisms involved with Na+ tissue tolerance, 
such as intracellular compartmentation and increased accumulation of compatible 
solutes, as was hypothesized before (Munns and Tester 2008) and apparently, some of 
the potato cultivars respond in this way. In addition, a major role for stem tissue can be 
assigned in Na+ tissue tolerance in potato cultivars.  
Another striking difference between Mozart and Mona Lisa compared to the more salt 
tolerant cultivars is the way they distribute the Na+ between the stem and the leaves. 
The more tolerant cultivars have an SDI of 0.75 to 1.5, indicating that the tolerant 
cultivars distribute Na+ equally between stems and leaves. Mozart and Mona Lisa have 
a SDI of 3 (Figure 3D) indicating that the sensitive cultivars transport relatively more 
Na+ to leaves. When grown at 180 mM NaCl, the more tolerant cultivars keep this ratio 
the same as at 60 mM NaCl. It seems that salinity tolerance in potato is related to a 
tissue tolerance mechanism, with those cultivars accumulating more Na+ in stem tissue 
are more tolerant and it will be of interest to see whether differences in HKT1 
expression in the stems correlate with this SDI (Davenport et al. 2007; Horie et al. 2005).  
The lack of senescence in the more tolerant cultivars during elevated leaf Na+ levels 
(Figure 1) suggests that tolerant cultivars detoxify elevated leaf Na+ levels by 
intracellular compartmentation. Intracellular compartmentation might point to the 
importance of a high capacity for Na+-sequestration in the vacuoles as has been shown 
before (Brini et al. 2007; Munns and Tester 2008). Using a tissue culture technique (cv. 
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Desiree), Queiros et al. isolated tonoplast-enriched vesicles from non-adapted and 150 
mM NaCl-tolerant suspension-cultured cells exposed to salt stress (Queirós et al. 2009). 
The activity of the vacuolar pumps and the Na+/H+-antiport were higher in tonoplast 
vesicles from the salt-tolerant line. In view of the growth sensitivity and senescence 
response of Mozart at leaf Na+ concentrations higher than those of the tolerant cultivars, 
we hypothesize that the vacuolar sequestration capacity of Mozart is lower than that of 
the more tolerant cultivars. 
The strong senescence response observed for Mozart when grown at 60 mM and 180 
mM NaCl correlates well with the higher H2O2 concentrations measured in the different 
tissues. Notably, stem tissue of plants grown at 180 mM NaCl had high levels of H2O2. 
This result is in line with the report of Aghaei and co-workers, namely that in the salt 
tolerant potato cultivar Kennebec activities of ROS scavenging enzymes like ascorbate 
peroxidase, catalase and glutathione reductase were increased by salt stress, whereas 
the corresponding activities in the salt sensitive cultivar Concord were decreased 
(Aghaei et al. 2009). 
The potato cultivars respond to 60 mM salt stress with an increase in proline 
concentration, with the highest accumulation in the stem tissue; proline and Na+ 
concentrations in the stem of the different cultivars correlate reasonably well. However, 
cultivars having the highest PTI (Russet Burbank, Bintje) do not necessarily accumulate 
more proline than cultivars having a lower PTI, like Mondial (Figure 5). Although it is 
generally agreed upon that proline accumulation is important for plants to tolerate 
environmental stresses, a good correlation between proline accumulation and stress 
tolerance is not always obvious (Chen et al. 2007; Ghars et al. 2008; Rahnama and 
Ebrahimzadeh 2004). In proline synthesis, P5CS and P5CR are the main enzymes, and 
in proline catabolism PDH has a key function (Szabados and Savoure 2010).  
Proline catabolism seems to be an important mechanism to regulate proline levels; e.g. 
in the halophyte Thellungiella, PDH expression is much lower than in the glycophyte 
Arabidopsis, what correlates with high proline concentrations in Thellungiella (Kant et 
al. 2006). Also here we observed that both in stem and leaf tissue expression of the 
potato PDH gene is strongly reduced upon salt treatment in both cultivars tested. A 
differential response between the cultivars was only observed for the P5CS gene in leaf 
tissue, with a two-fold higher expression in Desiree leaves and no change in Mozart 
upon salt stress. Although the salt induced increase in proline concentrations is 
explained by the reduced PDH expression in Desiree and Mozart and the increase in 
P5CS expression in Desiree, the 3-fold higher proline levels in the stem of Desiree as 
compared to Mozart do not correlate with the differences in gene expression.  
The ability to maintain K+ homeostasis during salt stress is considered a characteristic 
of more salt tolerant plants (Hauser and Horie 2010; Shabala and Cuin 2008). A 
comparison of a salt tolerant (Kennebec) and salt sensitive (Concord) cultivar (Aghaei 
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et al. 2009) and a comparison of four other potato cultivars (Rahnama and 
Ebrahimzadeh 2004) showed that K+ levels decreased, even when plants were 
moderately salt stressed (50-75 mM NaCl). In line with these studies, K+ levels 
decreased in leaf tissues of the cultivars tested in this study. However, it is noteworthy 
that we did not observe striking differences in K+ contents between cultivars in any 
tissue, despite the strong accumulation of Na+ (Figure 2). 
In conclusion, the commercial potato cultivars tested in this study show considerable 
variation in sensitivity to salt stress, as evidenced from the growth performance. At 
moderate salt treatment (60 mM NaCl), PTI shows a positive correlation with the stem 
Na+ accumulation. A clear distinction between the sensitive and more tolerant cultivars 
is the capacity of the tolerant cultivars to accumulate Na+ ions from the transpiration 
stream into their stem tissue. In addition, the salt sensitive cultivars transport relatively 
more Na+ to leaf tissue as compared to the salt tolerant cultivars. 
 
Material & Methods 
Plant material and growth conditions 
Two-week old cuttings of six potato (Solanum tuberosum) cultivars Desiree, Mona Lisa, 
Bintje, Mondial, Mozart and Russet Burbank were planted on four litre pots containing 
½ strength Hoagland solution. Each pot contained four cuttings of the same cultivar 
surrounded by a rockwool plug embedded in styrofoam on top of the pot. Plants were 
maintained in a growth chamber under a 16:8 light:dark photoperiod, 15◦C: 24◦C 
night:day temperature and 70% humidity. After two weeks, plants were subjected to 
three salt treatments, 0 mM NaCl, 60 mM NaCl and gradually to 180 mM NaCl in steps 
of 60 mM NaCl every two days to prevent osmotic stress. All salt treatments were 
performed in triplicate. After seven days of salt treatment, the plants were harvested, 
measured and analyzed. Total fresh weight (FW) was immediately determined after 
harvest and averaged per pot. Each pot was considered as one measurement. To 
standardize the data, the results were expressed as the relative reduction of total FW in 
comparison to the control treatment. 
 
Chemical analysis 
After weighting, fresh plant material was divided into two parts. One part was frozen 
in liquid nitrogen and stored at -80◦C for later use. The remaining fresh plant material 
was dried at 70◦C for 24 hours. For determination of Na+ and K+ concentrations, 100 
mg dried plant material was extracted by one hour boiling in 5 ml MilliQ. The solution 
was filtered through 0.2 μm filters (Whatman, England) and Na+ and K+ contents in the 
filtrate were analyzed using high-performance liquid chromatography (HPLC, 
Shimadzu Japan). The HPLC system was equipped with a ø 4.6 mm X 125 mm Shodex 
IC YS-50 column (Showa Denko). As an eluent, 4.0 mM methane sulfonic acid was 
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used in HPLC graded H2O (J.T. Baker, The Netherlands) with a flow rate of 1 ml/min. 
Final ion concentrations in the filtrate were calculated according to a calibration curve.  
Proline content was determined according to Bates et al. (1973) and extracted from 30 
mg dried plant material of root, stem or leaf tissue with 2 ml 3% Sulphosalicyl acid. 
After 10 minutes of centrifuging at 17.500 g, 500 µl supernatant was transferred to a 
mixture containing 500 µl glacial acetic acid and 500 µl ninhydrine reagent. The 
ninhydrine reagent contains glacial acetic acid and orthophosphoric acid (6 M) (3:2, 
v/v) and 25 mg ninhydrine per ml ninhydrine reagent. After incubating for one hour at 
100 ◦C the tubes were cooled and 1 ml toluene was added and mixed. The absorbance 
of the upper phase was spectrophotometrically determined at 520 nm after ten minutes. 
The proline concentration was calculated according to a calibration curve. Hydrogen 
peroxide was measured with the Amplex Red Peroxide Assay Kit, A22188 according 
to the manufacturer’s instructions (Invitrogen). 
 
Statistical analysis 
The pot experiment was arranged in a randomized design with three salt treatments. Per 
cultivar each salt treatment was done in triplicate. One pot contained four plants that 
were pooled at the end of the experiment and subsequently considered as one 
measurement. Analysis of variance (ANOVA) and multiple comparison test (Tukeys 
test) was computed using SPSS computer package. Differences between treatments 
were considered significant only when p < 0.05 after statistical analysis. The coefficient 
of variation (CV) was calculated per cultivar for each salt treatment. Subsequently, CV 
per cultivar for each salt treatment was averaged per salt treatment of all six cultivars.  
 
Gene expression analysis 
RNA was isolated from leaves and stems using the Nucleospin RNeasy plant mini kit 
(Qiagen, Leusden, The Netherlands) including DNase treatment. Tissue was ground in 
liquid nitrogen using a pestle and mortar. Approximately 100 mg of ground tissue was 
used for RNA isolation according to the manufacturer’s instructions. For real-time qRT-
PCR, cDNA was synthesized from 1-4 µg RNA using Superscript II (invitrogen) in a 
20 µl reaction volume containing 5 µM oligo dT (T15) primer according to the 
manufacturer’s protocol. The potato elongation factor ef1α gene (AB061263, forward 
primer 5’-3’ ATTGGAAACGGATATGCTCCA, reverse primer 5’-3’ 
TCCTTACCTGAACGCCTGTCA.) was used as a reference gene since this gene was 
proven to be stable during salt stress (Nicot et al. 2005). Quantitative RT-PCR (QRT-
PCR) reactions contained 100 ng cDNA, 0.5 pmol of each primer (see candidate genes), 
2x Sybr Green PCR buffer (Bio-Rad, Hercules). The program for QRT-PCR was set to 
2 minutes at 50 °C, 5 minutes at 95 °C, continued by 40 cycles of 95 °C for 30 seconds 
and 30 seconds at 60 °C and a melting curve analysis. PCR reactions were performed 
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in the CHROMO4 MJ research PTC200 (Bio-Rad, Hercules). The data was analyzed 
according to the qgene 96 programme (Muller et al. 2002). 
 
Candidate genes 
Homologs of several genes that play a prominent role in the proline metabolism 
pathway were identified in potato by querying the Potato database 
(http://solgenomics.net/) using Blast searches. We identified unigenes with homology 
to P5CS1 (delta1-pyrroline-5-carboxylate synthase), P5CR (Delta 1-pyrroline-5-
carboxylate reductase), and PDH (Proline dehydrogenase) from Arabidopsis. 
Homology to Arabidopsis was determined on the amino acid level. Subsequently, 
transcript levels of unigenes were determined by RT-PCR using cDNA from plants 
subjected to 0 mM and 60 mM NaCl (data not shown). Those unigenes that responded 
to salinity were chosen for QRT-PCR analysis and listed in Table 3. 
 
Table 3. Selection of genes from the proline metabolism pathway. Homology in potato 
was found by performing blast searches of sequences from Arabidopsis thaliana to a 
database containing potato SGN-unigenes (http://solgenomics.net/). 
Gene 
Annotation/ 
Gene accesion Homology to Primer 5’ → 3’ 
P5CS1 AT2G39800.1 SGN-U271254 Fw. TTAAAGAGGACGGAGCTTGC 
   Rv. CAGTGCATCAGGTCGTGACT 
P5CR AT5G14800.1 SGN-U280492 Fw. CCAATTCCAGCCGATTCATA 
   Rv. GAAGCAGGCAATATCCCAGA 
PRODH AT3G30775.1 SGN-U276105 Fw. CCACCGATAATGAATCTTGTGAAC 
   Rv. TTGCAGAAGATTCGGGAAGT 
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Abstract 
Potato is an important cultivated crop species and since it is moderately salt sensitive 
there is a need to develop more salt tolerant cultivars. A high activity of Na+ transport 
across the tonoplast in exchange for H+ is essential to reduce Na+ toxicity. The proton-
motive-force (PMF) generated by the V-H+-ATPase and the V-H+-PPase energizes the 
Na+(K+)/H+ antiport. We compared the activity, gene expression and protein levels of 
the vacuolar proton pumps and the Na+/H+ antiporters in two potato cultivars (Solanum 
tuberosum) contrasting in their salt tolerance (cv. Desiree; tolerant and Mozart; 
sensitive) grown at 0 mM and 60 mM NaCl. Tonoplast enriched vesicles were used to 
study the pump activity and protein levels of the V-H+-ATPase and the V-H+-PPase 
and the activity of the Na+/H+ antiporter.  
Although salt stress reduced the V-H+-ATPase and the V-H+-PPase activity in both 
cultivars, the decline in H+ pump activity was more severe in the salt sensitive cultivar 
Mozart. After salt treatment, protein amounts of the vacuolar H+ pumps decreased in 
Mozart but remained unchanged in the cultivar Desiree. Decreased protein amounts of 
the V-H+-PPase found in Mozart may explain the reduced V-H+-PPase activity found 
for Mozart after salt stress. Under non-stress conditions, protein amounts of V-H+-
PPase were equal in both cultivars while the V-H+-PPase activity was already twice as 
high and remained higher after salt treatment in the cultivar Desiree as compared to 
Mozart. This cultivar dependent V-H+-PPase activity may explain the higher salt 
tolerance of Desiree.   
Moreover, combined with reduced vacuolar H+ pump activity, Mozart showed a lower 
Na+/H+ exchange activity and the Km for Na
+ is at least 2-fold lower in tonoplast 
vesicles from Desiree, what suggests that NHXs from Desiree have a higher affinity for 
Na+ as compared to Mozart. From these results, we conclude that the higher capacity- 
in combination with the higher affinity for Na+ uptake can be an important factor to 
explain the differences in salt tolerance of these two potato cultivars. 
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Introduction 
Salinity is a serious threat to agricultural production of many crops. Potato is an 
important staple food in the human diet in many countries worldwide and the trend of 
potato production is towards more hectares in warmer and dryer climates (Levy and 
Veilleux 2007). Soil salinization, often the result of poor irrigation practices, is one of 
the factors that limit potato production. Based on specific criteria, potato was found to 
be moderately sensitive to salinity and considering the importance of potato as a staple 
food, relatively few studies address the physiological, biochemical and molecular 
responses that take place during salt stress in potato (Aghaei et al. 2009, Batelli et al. 
2012, Hmida-Sayari et al. 2005, Jaarsma et al. 2013, Legay et al. 2009).  
Current insights show that plants have developed many mechanisms to tolerate salt 
stress and three categories of adaptation can be distinguished, namely; osmotic 
tolerance, ion exclusion and tissue tolerance (Munns and Tester 2008, Roy et al. 2014). 
Roy and co-workers (2014) describe ion exclusion as important mechanism to prevent 
Na+ accumulation into shoots and leaves. However, if Na+ travels into cells of leaves, 
efficient removal by compartmentalizing Na+ in vacuoles prevents detrimental effects 
on cellular processes (Munns and Tester 2008) such as premature senescence, already 
occurring over several days to weeks after salt stress (Roy et al. 2014).  
In a previous study, we found a strong premature senescence response in the leaves of 
the potato cultivar Mozart combined with relatively high Na+ leaf accumulation, while 
the potato cultivar Desiree accumulated less Na+ in leaves and did not show a 
senescence response after seven days of salt treatment and we concluded that Desiree 
was salt tolerant and that Mozart was salt sensitive (Jaarsma et al. 2013). In the same 
study, we hypothesized that the vacuolar sequestration capacity of Na+ in leaves of 
Mozart was lower than that of the more salt tolerant potato cultivar.  
In vacuoles, Na+ serves as an inorganic osmoticum to maintain turgor (Shabala and 
Mackay 2011). Na+ may enter vacuoles by the activity of Na+/H+ antiporters energized 
by a proton motive force (PMF) established by vacuolar proton pumps. So far, there is 
still debate as to which gene or protein facilitates the Na+/H+ antiport activity; however, 
many studies suggest a role for members of the NHX family (Munns and Tester 2008, 
Pardo and Rubio 2011, Rodríguez-Rosales et al. 2009), although, AtNHX1 also 
catalyzes K+/H+ antiport (Jiang et al. 2010) and SlNHX2 from tomato (Solanum 
lycopersicum) was found to catalyze solely K+/H+ antiport (Rodríguez Rosales et al. 
2008). Hence, dual functions for NHX exchangers have been proposed (Jiang et al. 
2010, Yamaguchi et al. 2005), and NHX isoforms also play significant roles in other 
cellular processes, such as membrane trafficking, pH- and ion homeostasis, stomatal 
regulation, cell turgor and growth and development (Barragan et al. 2012, Bassil and 
Blumwald 2014, Bassil et al. 2011, Eckardt and Berkowitz 2011, Reguera et al. 2015).  
Chapter 3. Tonoplast transport activity in potato 
38 
Many studies showed improved salt tolerance and increased accumulation of Na+ or K+ 
when NHX was expressed in a variety of plant species (Agarwal et al. 2012). However, 
expression of AtNHX1 in barley did not improve plant performance during saline 
conditions (Adem et al. 2015) and it was suggested before that efficient vacuolar Na+ 
sequestration also depend on the permeability of slow- and fast activating vacuolar 
channels (Bonales-Alatorre et al. 2013). 
To transport ions into the vacuoles an electrochemical H+ gradient across the tonoplast 
has to be established by V-H+-ATPases and/or V-H+-PPases, using ATP and PPi as a 
substrate, respectively. Transcript levels of V-H+-ATPase genes were only slightly 
induced in barley after salt stress (Fukuda et al. 2004) and in the woody plant 
Broussonetia papyrifera, transcript levels of several V-H+-ATPase subunits increased 
upon salt treatment in root and leaf tissues (Zhang Min et al. 2012). Moreover, 
transgenic barley plants expressing the V-H+-ATPase subunit C from Arabidopsis and 
Arabidopsis plants expressing subunits from wheat were found to be more salt tolerant 
(Adem et al. 2017, He et al. 2014). However, Arabidopsis mutant analysis showed that 
other roles for the V-H+-ATPase are also found, like efficient nutrient storage (Krebs 
et al. 2010) and membrane trafficking, depending from their cellular localization 
(Schumacher and Krebs 2010).  
The wheat vacuolar proton-pumping pyrophosphatase (H+-PPase) genes (TaVP1 and 
TaVP2 ) showed induced expression in response to salinity (Wang Yuezhi et al. 2009) 
and were shown to have major roles in abiotic stress amongst other functions, such as 
maintaining cellular PPi homeostasis, heterotrophic growth, increased auxin transport 
and sucrose transport from source to sink tissues (Schilling et al. 2017). In the context 
of salt tolerance, transgenic plants expressing H+-PPase accumulated more Na+ in 
leaves or shoots and had higher V-H+-PPase activity compared to wild type plants 
(Gaxiola et al. 2001), while other transgenic plants expressing H+-PPase did not show 
higher Na+ accumulation but may still compartmentalize more Na+ in their vacuoles 
(Schilling et al. 2014).  
In addition, Queiros and colleagues (2009) provided evidence that a more efficient Na+ 
sequestration mechanism improves salt tolerance in potato cells (Queiros et al. 2009). 
They adapted calli to 150 mM NaCl and the selected NaCl-tolerant calli lines showed 
higher ATP- and PPi dependent H+ transport and higher Na+/H+ antiport activity as 
compared to control cells. However, the vacuolar Na+ sequestration system and its 
response to salinity stress in commercial potato cultivars has not been studied yet.  
In this study we compared Mozart and Desiree for the salt induced changes in activity 
and expression of vacuolar H+-pumps and vacuolar antiporters isolated from leaves. 
The main conclusion is that the Vmax of both the V-H
+-ATPase and the V-H+-PPase 
were reduced by salt in both Mozart and Desiree but the reduction was larger in Mozart 
as compared to Desiree. Furthermore, after salt treatment, the amount of both V-H+-
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ATPase and V-H+-PPase proteins were reduced in Mozart but not in Desiree. In 
addition, the Na+/H+ exchange system in the tolerant cultivar Desiree works more 
efficient as compared to the salt sensitive cultivar Mozart. 
 
Results 
Na+ and K+ concentrations, water status and osmolality of the leaves 
Table 1 shows Na+ and K+ concentrations accumulated in leaf tissue after salt treatment. 
Mozart accumulated over 30% more Na+ in leaf tissue compared to Desiree. The K+ 
concentrations in leaves of Desiree grown at 60 mM NaCl was the same as that of the 
control leaves, whereas leaves of Mozart grown at 60 mM NaCl showed a significant 
reduction in K+ concentrations by more than 40%. Subsequently, we determined the 
fresh weight / dry weight ratio (FW/DW) of leaves and the osmolality of the leaf sap 
(Fig. 1) as described in the method section. Leaves collected from salt treated plants of 
Mozart showed a significantly lower FW/DW ratio as compared to leaves collected 
from salt treated plants of Desiree and the control plants (Fig. 1A).  
The lower water uptake observed in Mozart leaves treated with NaCl, combined with 
the higher Na+ concentrations in the leaves resulted in a higher osmolality of leaf sap 
(Fig. 1B). Salt treatment increased the leaf sap osmolality of both salt treated cultivars 
significantly, but the osmolality was about 25% higher in Mozart after salt treatment as 
compared to that of Desiree (Fig 1B). Next, we addressed the question whether the 
observed differences in Na+ and K+ accumulation relate to differences in the activity of 
vacuolar transporters. 
 
Table 1. Na+ and K+ concentrations in the leaves of the potato cultivars Desiree and 
Mozart grown in the absence and presence of 60 mM NaCl. Results are the mean ± 
SEM for four biological replicates. Different letters indicate a statistically significant 
treatment effect (one way ANOVA; P<0.05). A statistically significant 
treatment×cultivar interaction effect was found for both Na+ and K+ concentrations (two 
way ANOVA; P<0.05). DW, plant dry weight. 
Cultivar Treatment [Na +] mg.g-1 
DW 
[K+] mg.g-1 
DW 
Desiree 0 mM NaCl 
60 mM NaCl 
2.2 ±0.3 (a) 
17.8±1 (b) 
34.6±2.9 (a) 
31.4±3.3 (a) 
Mozart 0 mM NaCl 
60 mM NaCl 
2.2±0.2 (a) 
24.2±1.8 (c) 
43.7±4.4 (a) 
25.4±2.7 (b) 
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Figure 1. Leaf parameters of Desiree and Mozart grown without and with 60 mM 
NaCl. (A) The fresh weight / dry weight ratio for each treatment and cultivar. (B) The 
osmolality (mOsm/kg) of the leaf sap of each treatment and cultivar. The osmolality of 
the leaf sap was measured with an osmometer. (Wescor 5500, US, Utah, Logan). 
Results shown are the average of three independent experiments ± SEM. Different 
letters indicate a statistically significant treatment effect (one way ANOVA; P<0.05). 
A two way ANOVA showed a treatment×cultivar interaction effect for the fresh weight 
/ dry weight ratio and the osmolality (P<0.05). 
    
Proton pump activity in isolated vesicles is bafilomycin sensitive 
Fig. 2A shows that increasing concentrations of bafilomycin recovered the ATP-driven 
fluorescence quench. With the initial fluorescence quenches measured without 
bafilomycin set to 100%, it was found that the EC50 of the bafilomycin concentration 
was as low as 0.2 nM for ATP-dependent pump activity and with 1.5 nM bafilomycin 
in the reaction medium the ATP dependent pump activity was inhibited by around 97% 
(Fig 2B). These results indicate that the isolated membrane vesicles are highly enriched 
in vacuolar membranes.  
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Figure 2. Activation of the V-H+-ATPase in tonoplast vesicles isolated from leaves 
and the sensitivity for the inhibitor bafilomycin. (A) ATP driven fluorescence 
quench of ACMA in the absence of bafilomycin (0 nM) and in the presence of 0.1, 0.5, 
and 1 nM bafilomycin. The reactions were started by the addition of 1 mM Mg ATP to 
the assay medium containing 20 µg protein of tonoplast vesicles. (B) Dose response 
curve of the inhibition of V-H+-ATPase activity by bafilomycin. The curve was fitted 
to a Michaelis-Menten equation with the aid of SigmaPlot software package. (n = 3 ± 
SEM). 
 
Effect of salt treatment on V-H+-PPase- and V-H+-ATPase activity 
The substrate induced quench appeared almost instantaneously upon energization and 
after signal stabilization, addition of NH4Cl rapidly dissipated the pH gradient (Fig. 3A 
for PPi and Fig. 4A for ATP). Measurements were done with vesicles derived from 
both cultivars treated with 0 mM and 60 mM NaCl and the initial rates of proton 
pumping were plotted against increasing concentrations of PPi and ATP (Figs. 3B/C 
and Figs. 4B/C). The curves showed Michaelis-Menten-like kinetics and both kinetic 
parameters, Km and Vmax, were calculated and averaged, where Km represents the 
affinity for the substrate and Vmax represents the maximum pump activity.  
The Km of PPi-dependent proton pumping was similar for both cultivars and was not 
modulated by salt (Fig. 3). The V-H+-PPase activity in vesicles obtained from Desiree 
was significantly higher, in control conditions (2-fold) and after salt treatment (3-fold), 
compared to the V-H+-PPase activity from Mozart (Fig 3). Furthermore, salt treatment 
had a larger negative effect on the V-H+-PPase activity in Mozart (-75 %) as compared 
to Desiree (-55 %; Fig. 3). 
The V-H+-ATPase activity in control plants of Mozart showed a significant lower Km 
value (0.028 mM) compared to control plants from Desiree (0.081 mM; Fig. 4). After 
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salt treatment, the Km value significantly decreased for Desiree (~70 %) but not for 
Mozart (Fig. 4). The V-H+-ATPase activity was significantly lower in Mozart plants 
after salt treatment (-80 %) while the V-H+-ATPase activity in Desiree was only 30% 
lower after salt treatment (Fig. 4). The V-H+-ATPase activity of salt treated Desiree 
plants was similar to that of control plants of Mozart (Fig. 4).  
 
Figure 3. Effect of salt stress on the PPi-dependent proton transport activity in 
tonoplast vesicles isolated from potato leaves. (A) Representative traces of proton 
pump activity in tonoplast vesicles isolated from leaves of the cultivar Desiree. The V-
H+-PPase was activated by addition of increasing concentrations of PPi to the assay 
medium containing 20 μg protein of membrane vesicles. After equilibration 1 mM 
NH4Cl was added to release the quench. (B) Dose response curves of the initial rates of 
proton pump activity of the V-H+-PPase in dependence of the substrate PPi 
concentration for both cultivars treated with- and without 60 mM NaCl. The curves 
were fitted with the Michaelis-Menten equation with the aid of SigmaPlot software 
package. The average Km and Vmax values as shown in the table, were calculated from 
the fit of each independent experiment (n = 3± SEM). Different letters indicate a 
statistically significant treatment effect (one way ANOVA; P<0.05). A two way 
ANOVA showed a treatment×cultivar interaction effect for Vmax. (P<0.05). 
 
Immunological detection of the V-ATPase A-subunit and the V-PPase in response 
to salt 
Western blotting shows a single band at 75 kDa band for the V-H+-PPase (Figs. 5C-5F) 
and a 69 kDa band for the V-H+-ATPase subunit A (Figs. 5G-5J). Densitometric 
analysis of the relative abundance of the V-H+-PPase showed that salt treatment had no 
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effect on the V-H+-PPase amount in Desiree (Fig. 5C), whereas in Mozart the amount 
of V-H+-PPase significantly decreased more than 30% (Fig. 5D). These changes in 
protein amount only partly explain the observed salt induced reductions the V-H+-PPase 
activity (Fig. 3B), with a 2- and 3-fold reduction in Desiree and Mozart, respectively. 
Furthermore, the V-H+-PPase protein amounts in control plants of Desiree and Mozart 
were equal (Fig. 5E) and did not correlate with the differences in V-H+-PPase activity 
in control plants (45% lower in Mozart as compared to Desiree; Fig. 3B).  
Analysis of the V-H+-ATPase Western blots showed a pattern similar to that of the V-
H+-PPase: no salt induced change in Desiree and a significant 40% reduction of the V-
H+-ATPase in Mozart (Fig. 5G and H).  
 
Figure 4. Effect of salt stress on the ATP-dependent proton transport activity in 
tonoplast vesicles isolated from potato leaves. (A) Representative traces of proton 
pump activity in tonoplast vesicles isolated from leaves of the cultivar Desiree. The V-
H+-ATPase was activated by addition of increasing concentrations of ATP to the assay 
medium containing 20 μg protein of membrane vesicles. After equilibration of the 
quench, 1 mM NH4Cl was added to release the quench. (B) Dose response curves of 
the initial rates of proton pump activity of the V-H+-ATPase in dependence of the 
substrate ATP concentration for both cultivars treated with- and without 60 mM NaCl. 
The curves were fitted with the Michaelis-Menten equation with the aid of SigmaPlot 
software package. The average Km and Vmax values as shown in the table, were 
calculated from the fit of each independent experiment (n = 3± SEM ). Different letters 
indicate a statistically significant treatment effect (one-way ANOVA; P<0.05). A two-
way ANOVA showed a treatment×cultivar interaction effect for both Km and Vmax. 
(P<0.05). 
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Figure 5. Electrophoretic polypeptide pattern and Western blot analysis of 
tonoplast proteins from the potato cultivars Desiree and Mozart. Tonoplast vesicles 
were isolated from leaves of plants grown in the absence and presence of NaCl as 
indicated in the figure by 0 mM and 60 mM respectively. (A and B). Coomassie blue 
stained gel of tonoplast proteins from Desiree and Mozart, respectively. Lane M 
represents the protein marker. Western blots (C - J) were scanned into grey scale and 
the optical density was quantified by Scion Image. Blots were probed with anti-V-PPase 
(C - F) and anti-V-ATPase (A-subunit) (G - J) of mung bean. Figs. C, G and D, H show 
the effect of salt treatment on the amount of V-H+-ATPase and the V-H+-PPase in both 
cultivars. Figs E, I and F, J show the effect of the cultivar on the amount of V-H+-
ATPase and the V-H+-PPase in both salt treatments. The molecular masses of the 
immunostained polypeptides are indicated (arrows). Values represent mean ± SEM of 
four independent replicates. Asterisks indicate a statistically significant treatment effect 
(Student’s t-test P<0.05). 
 
Vacuolar Na+/H+ antiport activity and response to salt 
Figure 6A shows the effect of different concentrations of Na+ on the dissipation of a 
pre-established pH gradient in tonoplast vesicles from control- and salt treated plants 
of both cultivars. The ACMA fluorescence recovered with addition of increasing 
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concentrations of Na+ and followed saturation kinetics. Kinetic analysis of the 
saturation curves revealed that the salt treatment hardly affected the Vmax of Na
+ 
transport in vesicles derived from either Desiree or Mozart (Fig 6B). However, the Vmax 
for Na+/H+-antiport was significantly higher (2-fold) in Desiree as compared to the Vmax 
from Mozart. Furthermore, the Na+/H+ antiport system of Desiree showed a 2- to 3-fold 
higher affinity for Na+ than the Na+/H+ antiport system of Mozart (Fig. 6B). 
 
Figure 6. Effect of salt stress on Na+/H+ antiport activity in tonoplast vesicles 
isolated from potato leaves. (A) Representative curve showing the dissipation of the 
PPi- generated fluorescence quench (H+ gradient) with the addition of increasing 
concentrations of Na+ to tonoplast vesicles from the cultivar Desiree. (B) Dose response 
curves where the initial rates of Na+-induced proton gradient dissipation are plotted 
against the Na+ concentration (2.5-150 mM Na2SO4). Tonoplast vesicles were isolated 
from leaves of Desiree and Mozart plants grown in the absence and the presence of 60 
mM NaCl. Experimental data of each individual curve (n =3 ± SEM) was fitted to the 
Michaelis-Menten equation with the aid of SigmaPlot software package and the average 
Km and Vmax values are shown in the table. Different letters indicate a statistically 
significant treatment effect (one way ANOVA; P<0.05). A statistically significant 
treatment×cultivar interaction effect was found for both Km and Vmax (two way 
ANOVA; P<0.05). 
 
Gene expression of vacuolar ion transporters  
Three potato unigenes were found for three V-PPases corresponding to two type I - and 
one type II V-H+-PPases as previously described for tomato (Mohammed et al. 2012). 
Type I V-H+-PPases depend on cytosolic K+ for their activity and are localized in the 
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tonoplast whereas type II V-H+-PPases are K+ insensitive and directed to the Golgi 
apparatus (Maeshima 2000). Unigenes of the two type I V-H+-PPases (SlVP1 and 
SlVP2) were used for expression analysis (Table 2). A homology search of four SlNHX 
isoforms from tomato (Gálvez et al. 2012) on the public database SOL Genomics 
(http://solgenomics.net) resulted in three unigenes with homology to SlNHX2, SlNHX3 
and SlNHX4, respectively. A homologue of SlNHX1 was absent on the SOL Genomics 
network but the genomic sequence was found in the public database of the Potato 
Genome Sequencing Consortium 
(http://solanaceae.plantbiology.msu.edu/pgsc_download.shtml, Databasefile: 
PGSC_DM_v4.03) and primers were designed in putative exons (Table 2). Within the 
four NHX isoforms tested, the expression level of StNHX1 was overall low, those of 
StNHX4 were highest and expression levels of StNHX2 and StNHX3 were intermediate 
(Fig. 7 and Supplementary Data Sheet 1). Salt treatment induced StNHX2 transcripts in 
Mozart and induced StNHX3 transcripts in Desiree and no effect of salt was found on 
StNHX4 transcripts (Fig. 7).   
Expression of StVP1 remained unchanged in salt treated plants of Desiree, whereas in 
Mozart the expression level in control plants was 2-fold higher as in Desiree, but salt 
stress reduced the expression 2-fold (Fig. 7). Expression of StVP2 was lower than that 
of StVP1 and a small significant increase in expression was observed in both cultivars 
upon salt stress (Fig. 7).  
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Table 2. Homologs of a selection of genes involved in vacuolar ion transport were 
identified in potato by querying a databases containing potato SGN-unigenes 
(http://solgenomics.net/) and genomic sequences (http://www.potatogenome.net) using 
coding sequences from tomato in blast searches. 
Gene 
Annotation/Gene 
accession 
% Homology 
to Primer 5’ → 3’ 
 
Amplicon size 
         
SlVP1 AB300442 
97 % to       
SGN-U268918 
97 % to 
SGN-U269308 
Fw. CTCTTCCCCCGTATTTCACA 
Rv. CCTCCACAGCCTAACACCAT 
Fw. GGTCCTATCAGTGACAATGCTG 
Rv. AACAGAGCCAGGGACACAAG 
 
100 bp 
SlVP2 LES278019 
 
161 bp 
SlNHX1 AJ306630 97% to See text 
Fw. TGTTGATCCCTTTCGACCAT 
Rv. CCAAATAGGGGTCGCATAAA 
 
111 bp 
SlNHX2 AJ306631 
98 % to        
SGN-U296226 
Fw. TTGGCACAGACGTGAACCTA 
Rv. GTGGCTTCTGACCAGTGACA 
 
107 bp 
SlNHX3 AM261867 
98 % to         
SGN-U273140 
Fw. AGAAGTCTCCGGAGGAGAGG 
Rv. GCGTTGGCACGTAACTGAGTA 
 
139 bp 
SlNHX4 AM261867 
98 % to       
SGN-U275721 
Fw. TCCTAGGCAGTCGAGAGGAC 
Rv. TGGTGCGGTAAGTAGCATCC 
 
89 bp 
 
 
 
 
 
 
 
Chapter 3. Tonoplast transport activity in potato 
48 
 
Figure 7. Expression of potato gene transcripts with homology to isoforms of 
SlVP1 and SlVP2 (VP1 and VP2) and with homology to isoforms of SlNHX1-
SlNHX4 (NHX1 - NHX4). The expression of the transcripts was analyzed by qPCR in 
leaf tissue, as described in material and methods in the cultivars Mozart and Desiree 
grown in the absence and presence of 60 mM NaCl. Expression levels for all gene 
transcripts are normalized to the expression of the potato elongation factor ef1α. Data 
are means ± SEM of 3  independent experiments. One way ANOVA and two way 
ANOVA were performed and asterisks indicate a statistically significant 
treatment×cultivar interaction effect. 
 
Discussion 
General  
The study presented here confirmed our previous results that Mozart accumulates more 
Na+ in leaves (35% more) as compared to salt-treated Desiree plants (Table 1). If 
Mozart were a salt includer with an efficient vacuolar Na+ sequestration mechanism, 
then it might profit from the higher Na+ levels by using Na+ as osmoticum (Shabala and 
Mackay 2011). However, the lower FW/DW ratio of leaves of salt-treated Mozart 
plants (Fig. 1A) indicates that these plants have difficulties to take up water in their 
leaves resulting in higher leaf sap osmolality (Fig. 1B). In view of the premature 
senescence and the sensitivity of leaf growth of Mozart to salt stress found in our 
previous study, we hypothesized before that the vacuolar sequestration mechanism 
operates far from optimal in Mozart (Jaarsma et al. 2013). 
 
Generation of the PMF is modulated by salt and is cultivar-dependent in potato 
In this study we used ACMA fluorescence quench assays and the V-H+ATPase and the 
V-H+-PPase generated and maintained the electrochemical gradient across the vacuolar 
membrane in both cultivars, as was found before for potato tissue (Queiros et al. 2009). 
In both cultivars, the V-H+-PPase activity showed a major salt induced reduction, but 
the reduction was larger in Mozart than in Desiree (Fig. 3). Furthermore, the V-H+-
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PPase activity in control plants of Desiree was already higher than the V-H+-PPase 
activity in control plants of Mozart (Fig. 3). From these results we conclude that the V-
H+-PPase is salt sensitive in both cultivars and that V-H+-PPase activity is cultivar-
dependent and higher in Desiree.  
The V-H+-ATPase activity showed a salt induced reduction of ~80% in Mozart, 
whereas salt treatment reduced the V-H+-ATPase activity in Desiree by ~30% (Fig. 4). 
Overall, salt considerably reduced the activity of both proton pumps in vesicles isolated 
from Mozart as compared to those of Desiree. As a consequence, Desiree generates a 
higher PMF across the tonoplast that can be used to energize the vacuolar transport of 
Na+.  
 
V-H+-PPase and V-H+-ATPase protein amounts show a salt-induced decrease in 
Mozart 
The Western blots showed a salt-induced reduction in the amount of V-H+-PPase 
proteins in salt-treated plants of the cultivar Mozart (- 40%; Fig. 5) and this correlated 
reasonably well with the salt reduced pump activity observed in Mozart. The transcript 
levels of the StVP1 gene was 2-fold lower in salt-treated Mozart plants as compared to 
control plants (Fig. 7). These lower transcripts correlated to the salt-induced reduction 
in the protein amounts found for V-H+-PPase. So, for Mozart, the salt-reduced pump 
activity may be a result of the reduction in gene expression and total protein amount. 
However, there was no reduction in the amounts of the V-H+-PPase protein in Desiree 
after salt treatment (Fig 5). Hence, the correlation found for Mozart between lower V-
H+-PPase protein amounts and lower V-H+-PPase activity does not hold for Desiree.  
Furthermore, a reduction was found for the amount of V-H+-ATPase proteins in salt-
treated plants of Mozart but not in salt treated plants of Desiree (Fig. 5). To measure 
the protein amounts of the V-H+-ATPase, we used antibodies to detect subunit A (see 
method section). Subunit A is located in the cytosolic V1 domain of the V-H
+-ATPase 
protein and subunits located in the more stable V0 complex of the V-H
+-ATPase protein 
may be considered for measurements of protein amounts. For example, Baisakh and 
colleagues (2012) expressed subunit c1 from a halophyte grass Spartina alterniflora in 
rice and the SaVHAc1 expressing plants showed enhanced tolerance to salt stress 
(Baisakh et al. 2012). Furthermore, after salt treatment, transcript levels of subunit c 
increased earlier than transcript levels of subunit A or B did in M. crystallinum (Low et 
al. 1996). So analysis of other V-H+-ATPase subunits would further contribute to 
elucidate the differences of V-H+-ATPase activity between Mozart and Desiree.  
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Substrate-dependent vacuolar H+ transport shows varying results among species 
and tissues 
The effect of salt on vacuolar ATP- and PPi-dependent H+-transport has been 
extensively studied in the last decades for many plant species, with varying results. One 
study with rice callus lines differing in salt tolerance showed a strong increase in 
vacuolar pump activity when salt-treated and more so in the salt tolerant lines (Pons et 
al. 2011). The halophytes Mesembryanthemum crystallinum and Suada salsa showed a 
salt-dependent increase in V-H+ATPase activity (Barkla et al. 1995, Qiu et al. 2007), 
while in Cucumis sativus ATP- and PPi-dependent proton transport decreased in roots 
after 50 mM NaCl treatment (Kabala and Klobus 2008). In tonoplast vesicles derived 
from roots of the moderate salt tolerant sunflower (Helianthus annuus), ATP- and PPi-
dependent proton transport increased in plants treated with 150 mM NaCl (Ballesteros 
et al. 1996). Salt treatment induced V-H+-ATPase and V-H+-PPase activity in vesicles 
derived from Spinacia oleracea, whereas V-H+-ATPase and V-H+-PPase activity in 
Salicornia dolichostachya was not affected by salt treatment (Katschnig et al. 2014). 
These different and often contrasting results suggest major differences between species 
and tissues in the capacity to control vacuolar proton pump activity. It should be noted 
that the severity and length of the salt treatments varied amongst the above mentioned 
studies, what may as well be a cause for variation in the results. 
However, our results showed that in leaves of potato plants, vacuolar ATP-and PPi 
dependent H+ transport decreased after salt treatment (Fig.3 and 4), the amount of V-
H+-PPases and V-H+-ATPases proteins decreased in Mozart but not in Desiree (Fig 5) 
and although transcripts of StVP2 were low, expression was induced in both cultivars 
after salt treatment (Fig. 7). These results resembles previous findings for roots of wheat 
showing that V-H+-ATPase-, and V-H+-PPase activity and V-H+-ATPase-, and V-
PPase protein amount decreased, while expression of TaVP1 and TaVP2 increased upon 
salt stress (Wang et al. 2000, Wang Yuezhi et al. 2009). Recently, other functions 
besides generating a PMF for the V-H+PPases have been reviewed, such as increased 
auxin fluxes, increased nutrient uptake or increased carbohydrate metabolism (Schilling 
et al. 2017) and these functions may also contribute to growth during salt conditions. 
 
Activity of Na+/H+ antiport and NHX expression in response to salt 
NHXs function in cellular Na+-, K+- homeostasis and are either targeted to the vacuole 
(Class I) or targeted to the pre-vacuoles (Class II) (Rodríguez Rosales et al. 2009). 
Expression of multiple NHX isoforms of both classes in a variety of plant species 
improves salt tolerance (Agarwal et al. 2012, Rodríguez Rosales et al. 2009) although 
this may not simply be due to enhanced Na+ accumulation into the central vacuole since 
NHX transporters show varying degrees of Na+/H+ and K+/H+ antiport activity 
(Barragan et al. 2012, Zhang Yan-Min et al. 2015). For example, SlNHX2 confers 
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K+/H+ exchange and localizes to pre-vacuolar vesicles, but tomato plants with enhanced 
SlNHX2 expression and the tomato nhx2 null mutants were more- and less-salt tolerant, 
respectively (Rodríguez Rosales et al. 2008). In addition, a nhx4 null mutation in 
Arabidopsis, showed enhanced tolerance to salt stress and lower Na+- and higher K+-
levels than wild type plants (Li et al. 2009). 
The four StNHX transcripts analysed in this study, are homologues of the better 
characterized SlNHX genes from tomato and the relative expression of the four isoforms 
in leaves of non-stressed tomato (Gálvez et al. 2012) and potato plants (Fig. 7) is 
similar: SlNHX1 and SlNHX4 transcript levels are relatively low and high, respectively, 
and those of SlNHX2 and SlNHX3 are intermediate. In our study, salt had no effect on 
StNHX1 expression of either cultivar, induced the expression of StNHX2 in Mozart, 
induced StNHX3 in Desiree and no effect of salt was found on expression of StNHX4  
(Fig. 7).  
It is difficult to translate changes in transcripts of a specific gene to changes in protein, 
let alone protein activity. Though, the relative moderate changes in expression of the 
NHX genes by salt are in line with our observation that the Vmax of the Na
+/H+ antiport 
activity is not different between control and salt treated plants (Fig. 6) and this low 
activity may explain the general moderate salt tolerance found for potato. However, 
what is different when comparing the two cultivars and not in line with the NHX 
expression data, is that the Vmax for Na
+/H+ antiport activity is 2-fold higher in Desiree 
and the Km for Na
+ is at least 2-fold lower in Desiree (Fig. 6).  
Higher NHXs abundance in Desiree and/or post-translational regulation of NHXs in 
Desiree may cause the observed differences in antiport activity and affinity for Na+. It 
has been proposed that protein-protein interaction, phosphorylation and/or 
glycosylation of the C-terminus can differentially regulate the antiport activity of NHXs 
(Bassil and Blumwald 2014, Bassil et al. 2012, Qiu et al. 2004). So far, a calmodulin-
like protein (AtCaM15) was found to bind the C-terminus of AtNHX1 within the 
vacuolar lumen in yeast cells and modify the cation selectivity in a Ca2+ and pH 
dependent manner for either K+ or Na+ (Yamaguchi et al. 2005). The authors suggested 
that in normal physiological conditions (high free vacuolar Ca2+ and pH ~5.5) AtCam15 
is bound to AtNHX1 rendering the antiporter with a higher affinity for K+ over Na+. 
Higher cytosolic Na+ concentrations may lead to vacuolar alkalization and subsequently 
to the dissociation of AtCam15 from AtNHX1 resulting in a higher affinity for Na+ over 
K+ (Yamaguchi et al. 2005).  
Different phosphorylation sites in the C-terminus of NHX proteins appear to be present 
in many sequenced plant species so far, but await further functional analysis (Bassil et 
al. 2012). For example, sequencing the NHXs and homologs of AtCaM15 from both 
potato cultivars, may elucidate differences in these regulatory sites and reveal clues 
about the overall lower Na+/H+ antiport activity found for Mozart. 
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Material & Methods 
Plant material and growth conditions 
Two-week old cuttings of two potato (Solanum tuberosum) cultivars Desiree and 
Mozart were planted in four litre pots containing ½ strength Hoagland solution and was 
refreshed every fourth day. Each pot contained four cuttings of the same cultivar held 
by a rockwool plug embedded in styrofoam in the lid of the pot. Plants were maintained 
in a growth chamber under a 16/8 h light/dark photoperiod, 24◦C/15 ◦C day/night 
temperature and 70% relative humidity. After three weeks, plants were subjected to two 
treatments: 0 mM NaCl and 60 mM NaCl. The salt treatment was applied two times, at 
the first and third day respectively, and after five days the plants were harvested for 
further analysis. Both treatments were done with three or four independent biological 
replicates as indicated in the figures. The 0 mM NaCl treatment was normal ½ strength 
Hoagland solution and the 60 mM NaCl treatment was ½ strength Hoagland solution 
supplemented with 60 mM NaCl. Each pot containing four cuttings was considered a 
biological replicate.  
 
Ion analysis, fresh / dry weight ratio and leaf sap osmolality  
At the end of each experiment, a small part of fresh leaves (~ 2 g) was collected from 
10 leaves. The leaves were collected from all parts of the plant to obtain a representative 
mix of old and young leaves in a similar way for all plants. Subsequently, the leaves 
were weighed to determine fresh weight (FW), before snap freezing in liquid nitrogen. 
To collect the leaf sap, each sample was ground for 30 sec at room temperature and 
centrifuged at 15,000 g for 5 min. Eight µl of the supernatant was used to estimate the 
osmolality with an osmometer (Wescor 5500, US, Utah, Logan). Determination of Na+ 
and K+ was done as described before (Jaarsma et al. 2013). In short, fresh material was 
dried at 70○C for 24 hours and 100 mg dried plant material was extracted by one hour 
boiling in 5 ml MilliQ. The solution was filtered through 0.2 µm filters (Whatman, 
England) and Na+ and K+ concentrations in the filtrate were analyzed using high-
performance liquid chromatography (HPLC, Shimadzu Japan). The HPLC system was 
equipped with a ø 4.6 mm×125 mm Shodex IC YS-50 column (Showa Denko). As an 
eluent, 4.0 mM methane sulfonic acid was used in HPLC graded H2O (J.T. Baker, The 
Netherlands) with a flow rate of 1 ml/min. Final ion concentrations in the filtrate were 
calculated according to a calibration curve. 
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Candidate genes and gene expression analysis 
Unigenes or genomic sequences with homology to SlVP1 and SlVP2 and SlNHX1 - 
SlNHX4 were identified in potato by querying Potato databases (http://solgenomics.net 
and  http://www.potatogenome.net). Homology to tomato was determined at the 
nucleotide level and amino acid level. Potato unigenes from the SOL genomics database 
and the sequences from the Potato Genome Sequencing Consortium were designated 
StNHX1 – StNHX4 according to SlNHXs and StVP1 and StVP2 according to SlVP1 and 
SlVP2.  
Unigenes were used to design primers with optimum settings of 40%-60% GC content, 
20 nt in length, primer Tm of 60ͦC and an amplicon size of 100 bp. Designed primers 
were used in blast searches against the previous mentioned databases and only the 
primers that showed no significant matches other than the unigenes they were designed 
for, were further tested. Subsequently, transcript levels were determined by RT-PCR 
and qPCR using cDNA from potato plants subjected to 0 mM and 60 mM NaCl. Those 
gene specific primer pairs that resulted in a sharp band of the expected amplicon size 
on agarose gels and showed a sharp peak after software analysis were chosen for qPCR 
analysis and are listed in Table 2.  
RNA was isolated from leaves using the Nucleospin RNeasy plant mini kit (Qiagen, 
Leusden, The Netherlands) and all samples were treated with DNase. Tissue was 
ground in liquid nitrogen using a mortar and pestle. Approximately 100 mg of ground 
tissue was used for RNA isolation according to the manufacturer’s instructions. cDNA 
was synthesized from 1-4 µg RNA using Superscript II (Invitrogen) in a 20 µl reaction 
volume containing 5 µM oligo dT (T15) primer according to the manufacturer’s 
protocol. qPCR reactions contained 100 ng cDNA, 0.5 pmol of each primer (see 
candidate genes) and 2x Sybr Green PCR buffer (Bio-Rad, Hercules).  
The program for qPCR was set to 2 minutes at 50°C, 5 minutes at 95°C, continued by 
40 cycles of 95°C for 30 seconds and 30 seconds at 60°C and a melting curve analysis. 
qPCR reactions were performed in the CHROMO4 MJ research PTC200 (Bio-Rad, 
Hercules). Data was analysed according to the qgene 96 programme (Muller et al. 
2002). The melting curves showed only one sharp peak at the expected melting 
temperature confirming that the amplification was gene-specific. The potato elongation 
factor ef1α gene (AB061263, forward primer 5’-3’ 
ATTGGAAACGGATATGCTCCA, reverse primer 5’-3’ 
TCCTTACCTGAACGCCTGTCA) was used as a reference gene since this gene was 
shown to be stable during salt stress (Nicot et al. 2005). 
 
SDS-Page and immunoblotting 
Vacuolar membrane proteins (10 μg) were separated on SDS-Page (10% (w/v) 
polyacrylamide). Prior to electrophoresis, samples were heated at 70 oC for 10 min, in 
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50 mM Tris-HCl, pH 6.8, 2% (w/v) sodium dodecyl sulphate (SDS), 5% (v/v) β-
mercaptoethanol, and 10% (v/v) glycerol. Subsequently, the gels were stained with 
Coomassie Brilliant Blue (0.125%, w/v) in 50% (v/v) methanol)/ 10% (v/v) acetic acid 
for 30 minutes and destained in 5% (v/v) methanol/ 7.5% (v/v) acetic acid overnight. 
Stained gels were scanned into greyscale and the optical density was determined using 
Scion Image.  
After scanning, proteins in the gels were electro-transferred to a nitrocellulose 
membrane (Schleicher and Schuel, Dassel, Germany) in a transfer buffer containing 50 
mM Trizma, 380 mM glycine, 0.02% (w/v) SDS, and 20% (v/v) methanol using 
electrophoresis. Subsequently, membranes were incubated for 1 hour in blocking buffer 
containing 5% (w/v) fat free milk powder and 1% (w/v) bovine serum albumin (BSA) 
in TRIS-buffered saline (TBS) supplemented with 0.1% (v/v) Tween-20 (TBS-T).  
Membranes were then incubated overnight with primary antibodies diluted 1:2000 in 
blocking buffer. The primary antibodies were specific for subunit A of the V-ATPase 
and the V-PPase (AS09 467 and AS09-465 respectively, Agrisera, Sweden). After 
washing the membranes 3 times with TBS-T, the membranes were incubated with the 
secondary antibody for 45 minutes. Following washing again, immune-detection was 
done using the ECL chemiluminescent detection kit (Amersham). Films were then 
scanned and relative intensity of bands was determined by Scion Image. 
 
Preparation of tonoplast-enriched membrane vesicles 
Tonoplast vesicles were isolated from leaves of four week old potato plants by 
combining differential and sucrose gradient centrifugations as was shown to be 
effective for potato tissue (Queiros et al. 2009). Total leaf tissue, without stems or 
petioles (around 100 g) was collected from four week old potato plants (cv. Desiree and 
Mozart) grown on hydroponics and subjected to 0 mM and 60 mM NaCl for one week. 
The entire isolation procedure was performed at 4oC and at all intermediate steps the 
samples were kept on ice. Leaves of each cultivar and each treatment were ground 
separately by repeated transient pulsing in a blender containing 200 ml ice-cold 
extraction buffer. The extraction buffer consisted of 250 mM sucrose, 2 mM EDTA 
(pH 8.0), 2 mM dithiothreitol (DTT), 1 mM phenylmethyl sulphonyl fluoride (PMSF), 
70 mM Tris-HCl (pH 8.0), 3 mM MgCl2, 100 mM KCl, 0.1% (w/v) BSA, 0.2% (w/v) 
polyvinylpolypyrrolidine (PVPP) and 10 µM cantharidin (a phosphatase inhibitor).  
The homogenate was filtered through four layers of miracloth and centrifuged at 10,000 
g for 10 min. The supernatants were centrifuged at 100,000 g for 1h. The microsomal 
pellet was resuspended in 10 ml ice-cold resuspension buffer containing 15% (v/v) 
glycerol, 1 mM DTT, 1 mM EDTA (pH 7.5), 1 mM PMSF, 20 mM Tris-HCl (pH 7.5) 
and 10 μM cantharidin. The diluted microsomal fraction was separated in tonoplast 
membrane enriched vesicles and plasma membrane enriched vesicles by 3h 
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centrifuging at 80,000 g (Beckman SW 28 rotor) on a 0% to 32% to 46% (w/v) sucrose 
step gradient. Next to sucrose, the step gradient contained 20 mM Tris-HCl (pH 7.5), 1 
mM EDTA (pH 7.5), 1 mM DTT, 1 mM PMSF and 10 μM cantharidin.  
Subsequently, the tonoplast enriched vesicles were collected at the 0-32% sucrose 
interface and approximately four times diluted in resuspension buffer and centrifuged 
at 100,000 g for 30 min. The pellets were resuspended in 1 ml resuspension buffer. The 
tonoplast vesicles were homogenized by gently swirling before aliquoting. Aliquots 
were snap-frozen in liquid nitrogen and stored at -80 oC until further use. Before 
freezing, the protein concentration was measured by means of a Bradford assay (Bio-
Rad), using BSA as a protein standard. 
  
Fluorescence quench assays 
Tonoplast vesicles were used in proton transport assays. H+-transport across the 
tonoplast vesicles was energized by addition of ATP or PPi in different concentrations 
as indicated in the results section. Prior to measuring the substrate dependent proton 
pump activity, the vesicles were characterized for their purity as contamination with 
vesicles derived from the plasma membrane is possible. This was done by adding 1 mM 
ATP to energize ATPases (both the V-ATPases as well as the PM-ATPases if present) 
in the presence of several concentrations of bafilomycin. Bafilomycin is a specific 
inhibitor of the activity of the V-H+-ATPase, and does not affect the activity of the P-
type H+-ATPase found in plasma membranes or any other H+-ATPase. Therefore, a 
strong inhibition of ATP-dependent H+ pumping activity by bafilomycin is an 
indication that isolated vesicles are enriched in tonoplast membranes.  
The initial percentage rate of the fluorescence change of 2 μM 9-amino-6-chloro-2-
methoxyacradine (ACMA) (∆%F.min-1.mg-1 protein) was determined. The reaction 
medium contained 10 mM Mops-TRIS (pH 7.0), 5 mM MgCl2 and 100 mM KCl and 
20 μg of tonoplast vesicles and fluorescence quenching was monitored using a 
spectrophotometer (Hitachi) at excitation and emission wavelengths of 415 nm and 485 
nm, respectively, as described by (Queiros et al. 2009). A pH gradient was established 
by activation of the V-H+-PPase with 0.5 mM PPi in reaction media as described above. 
After the fluorescence had reached a steady state, the reaction medium was 
supplemented with different concentrations of Na2SO4 as indicated in the Results 
section to dissipate the pH gradient. The initial slope of the recovery of fluorescence 
quench represented the activity of Na+/H+ antiport activity, expressed as ∆%F. min-1. 
mg protein-1. 
 
Statistics 
All data reported in this work were obtained from three or four biologically independent 
pot experiments as indicated in the figures. Each pot experiment was arranged in a 
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randomized design with two salt treatments. Data was analyzed with one way ANOVA 
and two way ANOVA with a multiple comparison test (Tukeys test; SPSS) or students’s 
t-test as indicated in the figures. Differences between treatments and/or cultivars were 
considered significant when P<0.05. 
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Abstract 
Vacuolar sequestration of Na+ ions is an important mechanism to avoid Na+ toxicity 
during salt stress. The V-H+-PPase (V-PPase) and the V-H+-ATPase (V-ATPase) 
generate a proton motive force (PMF) across the tonoplast membrane and energize Na+ 
accumulation against its concentration gradient into the vacuole. In this study, we used 
the patch-clamp technique to measure vacuolar pump activity as substrate (PPi and ATP) 
induced outward proton currents. Leaf vacuoles were isolated from control and salt 
treated potato- and barley cultivars. Vacuoles which showed no pump currents were not 
used for the calculation of the average current traces.  
In potato plants, the Vmax of the V-PPase as measured in vacuoles from the sensitive 
cultivar (Mozart) and the tolerant cultivar (Desiree) decreased in salt treated plants as 
compared to control conditions whereas the affinity for the substrate PPi (Km) was 
unchanged after salt treatment for both potato cultivars. The Vmax of the V-ATPase from 
salt treated Desiree plants was higher (34%) than that from salt treated Mozart plants 
and the Km for ATP decreased in both cultivars. Moreover, Desiree showed a higher 
affinity for ATP in control conditions already, what may be relevant at the onset of stress 
conditions when ATP production is compromised.  
In contrast to the potato plants, the V-PPase activity gradually increased in vacuoles 
derived from both barley cultivars (Belagorskii, sensitive and Elo, tolerant) treated with 
increasing salt levels. The V-ATPase activity was notably induced by salt treatment in 
the salt sensitive cultivar and was three times as high in 90 mM NaCl treated plants as 
compared to control plants. Vacuoles isolated from barley plants grown at 150 mM 
NaCl showed a strongly reduced activity of the V-ATPase and the V-PPase.  
These results show that the effect of salt stress on vacuolar pump characteristics can be 
evaluated with the patch-clamp technique. Overall, salt treatment showed minor effects 
on pump characteristics of salt sensitive potato plants, differences were not as large as 
those reported in studies where the fluorescence quench method was used.  
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Introduction 
Due to increasing salinization of cultured land, there is a growing interest in breeding 
crops that are able to produce under saline growth conditions (Flowers 2004). Most 
crops are glycophytes and suffer from salt stress caused by an osmotic component prior 
to an ionic component (Munns and Tester 2008). The osmotic component is a rapid 
response to salt and is typical for the early phase of salt stress before salt accumulates 
in the shoot and is therefore referred to as ion independent stress (Roy et al. 2014) and 
results in a reduction in growth of new leaves and inhibition of shoot elongation (Munns 
and Tester 2008; Rajendran et al. 2009; Roy et al. 2014).  
Ionic stress occurs when Na+ accumulates to toxic levels into shoots where it has a 
detrimental effect on cellular processes such as membrane potential regulation and 
enzyme activity and may lead to premature senescence (Munns and Tester 2008). To 
cope with the ionic component of salt stress, plants either prevent salt from being 
transported to aerial plant parts by accumulating salt in – or excluding salt from roots 
or transport salt in a controlled way to aerial parts and store Na+ in vacuoles where it 
can be used as an osmoticum (Munns and Tester 2008). Na+ exclusion is mostly found 
among cereals, although Na+ exclusion is not the sole mechanism for salinity tolerance 
in cereals (Rajendran et al. 2009; Tilbrook et al. 2017). 
The salt including strategy requires accumulation of Na+ in vacuoles and accumulation 
of compatible solutes in the cytosol to balance the osmotic pressure from ions in the 
vacuoles (Munns and Tester 2008). Transport of Na+ into vacuoles is mediated by an 
electrochemical H+ gradient across the tonoplast established by vacuolar proton pumps, 
the V-H+-ATPase (V-ATPase) and the V-H+-PPase (V-PPase). Although the regulation 
of both proton pumps by salt is well studied, no clear correlation exists for activation 
or deactivation of the proton pumps in response to salinity between species (Silva and 
Gerós 2009). Mostly, the fluorescent quench method is used to measure the activity of 
these vacoular H+-pumps in tonoplast enriched vesicles. Usually, this procedure yields 
an assemblage of endomembranes including tonoplasts and recently some literature 
points to the significance of the role of endomembranes other than solely tonoplasts in 
vacuolar acidification and salt tolerance (Kriegel et al. 2015; Munns and Gilliham 2015; 
Schumacher 2014). In our previous studies we found that the tolerant potato (Solanum 
tuberosum) cultivar Desiree showed higher proton pump activities in tonoplast enriched 
vesicles isolated from leaves and has a higher affinity for ATP as compared to the salt 
sensitive cultivar Mozart (Jaarsma and De Boer 2018). Furthermore, Desiree 
accumulated more proline as compared to Mozart and we concluded that salt tolerance 
in potato depends largely on salt inclusion (Jaarsma et al., 2013). 
Tonoplasts of mesophyll cells share the presence of two electrochemical pumps. These 
pumps, the V-ATPase and the V-PPase, pump protons into the vacuolar lumen and use 
ATP and PPi as a substrate respectively. The protons are being pumped against their 
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electrochemical gradient to generate a proton motive force (PMF). Subsequently, the 
PMF energizes cation/H+ antiport to accumulate ions like Na+ into vacuoles. The 
generation of the PMF by the electrochemical pumps entails an electrical current across 
the tonoplast. Electrical currents across biological membranes can be measured 
accurately in real time by using the patch-clamp technique, enabling the investigation 
of the dynamics of both electrochemical pumps in one single vacuole (Hedrich et al. 
1989; Nakanishi et al. 2003). To our knowledge, extensive studies using the patch-
clamp technique to study features of the vacuolar proton pumps after salinization have 
not been reported before. Maathuis and Prins reported that ATP induced proton currents 
in vacuoles derived from Plantago media root cells decreased when grown at 100 mM 
NaCl (Maathuis and Prins 1990).  
The current study uses the patch-clamp technique to characterize the ATP and PPi 
dependent outward currents of vacuoles isolated from leaves of two potato cultivars and 
two barley cultivars contrasting in their salinity tolerance. In general, barley plants 
(Hordeum vulgare) are considered to be more salt tolerant compared to potato plants 
and the barley cultivar Elo was found to be more salt tolerant than the cultivar 
Belagorskii (Ershov et al. 2005; Leonova et al. 2005). To assess whether these features 
have consequences for the outward vacuolar H+-currents, we tested vacuoles isolated 
from potato– and barley plants grown at increased NaCl concentrations. 
 
Results 
Both potato and barley accumulate Na+ and lose K+ after salt treatment 
To analyse the effect of the NaCl treatment on the Na+ and K+ accumulation in the 
leaves of potato and barley plants, ion content was measured as described in the method 
section. As expected, cultivars of both crop species accumulated significant amounts of 
Na+ upon salt treatment (Table 1 and 2). The differences in Na+ leaf content between 
the two potato cultivars was more pronounced than between the two barley cultivars. 
Mozart accumulated more Na+ in the leaves after 60 mM NaCl treatment compared to 
the leaves of Desiree (Table 1). The differences in K+ leaf accumulation within species 
were also more pronounced between the potato cultivars compared to the barley 
cultivars (Table 1 and 2). K+ content in Mozart decreased significantly while the K+ 
content remained unchanged in Desiree (Table 1). 
The Na+ accumulation in leaves of barley were more pronounced in the cultivar 
Belagorskii compared to the cultivar Elo, but differences were not statistically 
significant (0.05 < P < 0.10) (Table 2). In addition, concentration of K+ tends to decrease 
faster in leaves of Belagorskii during salinity but the differences were not statistically 
significant (Table 2). Furthermore, concentrations of K+ were far higher in barley plants 
as compared to the potato plants (Table 1 and 2). Concentrations of K+ in leaves of 
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barley grown at 0 mM and 60 mM Nacl were 2 to 2,5 fold higher than concentrations 
of K+ in leaves of potato grown at 0 mM and 60 mM NaCl. 
 
Table 1. Na+ and K+ concentrations in the leaves of the potato cultivars Desiree and 
Mozart grown in the absence and the presence of 60 mM NaCl. Results are the mean ± 
SE for three biological replicates. Different letters indicate a statistically significant 
treatment effect (one way ANOVA; P<0.05). A statistically significant 
treatment×cultivar interaction effect was found for both Na+ and K+ content (two way 
ANOVA; P<0.05). 
Cultivar mM NaCl  [Na+] mg g-1 DW [K+] mg g-1 DW 
Desiree 0 1.6 ± 0.08 (a) 27.1 ± 1.1 (a) 
 60 6.0 ± 0.41 (b) 25.1 ± 1.0 (a) 
    
Mozart 0 1.6 ± 0.05 (a) 29.4 ± 1.3 (a) 
 60  10.9 ± 1.47 (c) 23.2 ± 1.1 (b) 
 
Table 2. Na+ and K+ content in the leaves of the barley varieties grown for 6-12 days 
before treated with either 0, 60, 90, 120 mM NaCl. Results are the mean ± SEM for 
three biological replicates. Different letters indicate a statistically significant treatment 
effect (one way ANOVA; P<0.05). A statistically significant treatment×cultivar 
interaction effect was found for both Na+ and K+ content (two way ANOVA; P<0.05). 
Cultivar mM NaCl [Na+] mg g-1 DW [K+] mg g-1 DW 
Belagorskii 0 4.0 ± 1.0 (a) 67.0 ± 6.2 (a) 
 60 9.6 ± 0.6 (a) 60.6 ± 9.6 (a,b) 
 90 17.7 ± 1.4 (b) 48.0 ± 4.1 (a,b) 
 120 36.1 ± 2.7 (c) 32.8 ± 5.6 (a,b) 
    
Elo 0 4.2 ± 1.0 (a) 76.2 ± 5.5 (a) 
 60 10.0 ± 1.7 (a) 62.8 ± 8.2 (a) 
 90 15.0 ± 1.6 (b) 58.8 ± 7.9 (a,b) 
 120 28.1 ± 3.8 (c) 36.8 ± 3.2 (b) 
 
Substrate concentration dependent currents follow Michaelis-Menten kinetics 
We analysed membrane currents generated by the tonoplast H+-pumps of potato and 
barley mesophyl vacuoles from plants treated with different salt concentrations using 
the patch clamp technique. Our first efforts to seal potato vacuoles failed, but when we 
included three washing steps on the leaf abaxial side prior to protoplast isolation 
combined with a BB having a ± 50 mOsm/kg lower osmolality than leaf sap osmolality, 
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we were able to successfully obtain high resistance seals of those vacuoles (see method 
section). Currents of the V-ATPase and the V-PPase were recorded in the whole vacuole 
configuration. The whole vacuole configuration was established by applying short 
suction or by a short voltage pulse in the vacuole attached method to break the 
membrane patch in the patch pipette. The whole vacuole configuration was set to rest 
for five minutes to equilibrate the pipette buffer with the vacuolar lumen before 
measurements started. The pipette buffer was set to pH 6.5 resulting in a ten times 
higher proton concentration inside the vacuolar lumen as compared to the cytosolic side 
(i.e. bath buffer pH = 7.5) to mimic physiological conditions. To prevent membrane 
depolarization (vacuole inside positive) and subsequent activation of voltage gated ion 
channels the membrane voltage was clamped at 0 mV.   
During our measurements, the whole vacuole configuration was stable for over 2 h 
allowing us to record the H+-pump activity of both the V-PPase and the V-ATPase. Prior 
to the measurements, we tested the inhibitory effect of bafilomycin on the V-ATPase. 
In the presence of the specific V-ATPase inhibitor bafilomycin (10 nM) and 5 mM 
MgATP in the bath we did not measure ATP dependent proton currents after pumps 
were activated with 5 mM MgATP (data not shown). This means that the ATP dependent 
proton currents were indeed mediated by V-ATPases. 
Around 80% of the vacuoles derived from potato and barley control plants showed 
substrate dependent proton currents. The percentage of these active vacuoles (vacuoles 
that showed substrate dependent proton currents) decreased to roughly 60% in 60 mM 
NaCl stressed potato plants. Notably, during prior testing, vacuoles isolated from potato 
plants grown at 90 mM NaCl or higher and from barley plants grown at 150 mM NaCl 
and higher showed hardly any pump activity, despite the fact that stable whole vacuole 
configurations were obtained. In general, the number of active vacuoles isolated from 
salt stressed barley plants was higher than the number of active vacuoles isolated from 
salt treated potato plants when grown at 60 mM NaCl. Barley plants grown at 120 mM 
NaCl yielded around 50% active vacuoles and plants grown at 60 mM NaCl around 
70%, i.e. close to plants grown at control conditions.  
To investigate the effect of salt treatment on the kinetic properties of the vacuolar H+ 
pumps from potato plants treated with different salt concentrations, we tested increasing 
substrate concentrations to energize the vacuolar H+ pumps. Substrate dependent proton 
currents were detectable at substrate concentrations as low as 6.25 nM PPi and 312.5 
μM ATP. To measure the kinetic properties of the pumps, increasing substrate 
concentrations were applied. Each measurement was started with the lowest substrate 
concentration and subsequently the concentration was increased stepwise till a 
concentration dependent steady state was reached. This protocol resulted in a stepwise 
increasing current trace as shown in Fig. 1A for increasing PPi concentrations and 
reached a maximum at around 100 μM PPi. Plotting these steady state currents against 
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the substrate concentration showed that pump activation follows Michaelis-Menten 
kinetics (Fig. 1B), as was reported before for the V-ATPase (Hedrich et al. 1986).   
 
 
Figure 1. Representative trace from a PPi dependent outward current induced by 
increasing concentrations of PPi added to the bath of a vacuole in the whole 
vacuole configuration. (A) The measurement was started with the lowest substrate 
concentration until the current (fA / pF) stabilized and reached a plateau, marked with 
an arrow in the figure. After a new plateau had established, the buffer flow was switched 
to the next substrate concentration. This step was repeated until all concentrations were 
tested and subsequently the substrate was washed out. Current differences between two 
plateaus were calculated using Clampex software and considered as a substrate 
concentration dependent current. (B) Experimental data of substrate concentration 
dependent currents fitted to the Michaelis-Menten equation with the aid of SigmaPlot 
software package. 
 
Affinity for ATP of the V-ATPase increases in potato cultivars after salt treatment 
Fig. 2 shows the substrate dependent (PPI and ATP) currents as measured in mesophyll 
vacuoles isolated from leaves of Desiree and Mozart grown at 0 and 60 mM NaCl. In 
control plants, PPi induced proton currents were similar for both Mozart and Desiree 
(Fig. 2A). Salt treatment reduced the Vmax of PPi dependent proton currents in vacuoles 
of both cultivars by ~30 % as compared to the Vmax of control plants (Fig. 2A) The Km 
values from the PPi dependent currents were unchanged after salt treatment (Fig. 2A).  
The Vmax of the V-ATPase of control plants from Desiree was not significantly different 
as compared to control plants from Mozart (Fig. 2B). However, in salt treated plants the 
Vmax of ATP induced proton currents was around 30 % higher in Desiree as compared 
to Mozart. Subsequently, salt treatment reduced the Km for ATP about two-fold in both 
cultivars significantly (Fig. 2B). Furthermore, in Desiree ATP induced proton currents 
showed a ~ 30 % higher affinity for ATP in control conditions already as compared to 
Mozart (Fig. 2B).  
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To further elucidate differences in V-PPase currents and V-ATPase currents between 
Mozart and Desiree, we calculated the V-PPase/V-ATPase current ratio (Table 3). 
Measurements were done on single vacuoles by measuring currents energized with 5 
mM ATP and subsequently with 100 μM PPi after washing out ATP. Overall, vacuoles 
derived from Mozart showed a higher V-PPase/V-ATPase current ratio (63% in control 
and 35% in salt treated plants) than vacuoles from Desiree, but the differences were 
statistically not significant. 
 
Figure 2. Effect of salt stress on tonoplast outward currents induced by either PPi 
or ATP in vacuoles isolated from leaves of two potato cultivars. Four week old 
Mozart and Desiree potato cultivars were treated with 0 and 60 mM NaCl for two days 
and subsequently vacuoles were isolated from leaves and used for measurements (n= 
6-12 vacuoles). Experimental data of substrate concentration dependent currents was 
fitted to the Michaelis-Menten equation with the aid of SigmaPlot software package. 
(A) PPi dependent outward proton currents induced by increasing concentrations of PPi 
in two potato cultivars grown at 0 and 60 mM NaCl. (B) ATP dependent proton currents 
induced by increasing concentrations of ATP in two potato cultivars grown at 0 and 60 
mM NaCl. The average Km and Vmax values as shown in the table, were calculated from 
the fits of each vacuole ± SEM. Different letters indicate a statistically significant 
treatment effect (one way ANOVA; P<0.05). A two way ANOVA showed a 
treatment×cultivar interaction effect for the Vmax of PPi induced outward currents and 
for the Km and the Vmax of ATP induced outward currents. (P<0.05). 
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ATP and PPi dependent inward currents are lower for vacuoles derived from 
barley compared to potato 
Subsequently, we tested the ATP and PPi dependent proton currents of intact vacuoles 
isolated from two barley cultivars, Elo and Belagorskii. The first obvious difference 
between barley and potato vacuoles was the much lower current density (6 - 7-fold) of 
both the ATP- and PPi dependent outward currents as compared to potato vacuoles (Figs. 
2 and 3). The barley cultivars combine the lower substrate dependent outward currents 
with higher K+ concentration as compared to potato (Figs. 2 and 3, Table 1 and 2). 
The PPi dependent outward current increased gradually and uniformly with the 
increasing salt treatment for both Elo and Belagorskii and then collapsed for plants 
grown at 150 mM NaCl and higher (Fig. 3A). From plants grown at 150 mM NaCl, 
only two vacuoles showed a PPi dependent proton current in the whole vacuole 
configuration from the 8 vacuoles tested. Vacuoles isolated from plants grown at 120 
mM NaCl showed a 50 % higher PPase activity as compared to plants grown without 
salt (Fig. 3A) and at 120 mM NaCl, approximately 50% of the tested vacuoles showed 
substrate dependent proton currents in the whole vacuole configuration. Plants grown 
without salt were tested for the duration of the experiment as elucidated in the method 
section. Substrate induced proton currents in vacuoles isolated from control plants did 
not show a time dependent change until day fourteen and results were subsequently 
pooled.  
ATP dependent proton currents in the two cultivars showed a different response to the 
salt treatments (Fig. 3B). In vacuoles from Belagorskii, ATP dependent proton currents 
increased significantly about 3-fold from 200 fA/pF in control conditions to 600 fA/pF 
for vacuoles isolated from plants treated with 90 mM NaCl and then dropped back to 
200 fA/pF for vacuoles isolated from plants treated with 120 mM NaCl (Fig. 3B). ATP 
dependent proton currents for Elo were not significantly induced by salt (Fig. 3B). 
Furthermore, at 90 mM NaCl, Elo showed a 30% lower ATP dependent proton current 
as compared to Belagorskii (Fig. 3B). In vacuoles from plants grown at 150 mM NaCl 
and higher, we were only able to measure substrate induced proton currents in three 
vacuoles from Elo and none from Belagorskii, while stable whole vacuole 
configurations were obtained (Figs. 3A and 3B).   
We subsequently calculated the V-PPase/V-ATPase ratio in the barley vacuoles as we 
did for the potato vacuoles. Measurements with 5 mM ATP and 100 μM PPi were done 
consecutively on the same vacuole and the proton currents were used to calculate the 
V-PPase/V-ATPase ratio in individual vacuoles for both barley cultivars after control 
and salt treatments (Fig. 4). For both cultivars the V-PPase/V-ATPase ratio decreased 
after 60 mM and 90 mM NaCl treatment and after 120 mM NaCl the ratio increased to 
values higher than control conditions due to the low V-ATPase activity found in barley 
plants grown at 120 mM NaCl.  
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Figure 3. Effect of salt stress on outward currents induced by either PPi or ATP in 
intact vacuoles isolated from two barley cultivars. (A) PPi dependent currents 
induced by 0.1 mM PPi in vacuoles from plants grown at increased concentrations of 
NaCl. (B) ATP dependent outward currents induced by 5 mM ATP in vacuoles from 
plants grown at increased concentrations of NaCl. Results shown are the average of 
multiple vacuoles (n=4-12) of three independent experiments ± SEM for values from 0 
mM NaCl to 120 mM NaCl. Different letters indicate a statistically significant treatment 
effect (one way ANOVA; P<0.05). A two way ANOVA showed a treatment×cultivar 
interaction effect for the ATP induced outward current. Vacuoles isolated from plants 
grown at 150 mM NaCl and higher showed hardly any substrate dependent outward 
current and were left out of the statistical analysis (n < 2), n.d. = non-detectable outward 
current during stable whole vacuole configuration.   
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Figure 4. Ratio of the currents resulting from the activity of the V-H+-ATPase and 
V-H+-PPase at saturating substrate concentration (0.1 mM PPi and 5 mM ATP) 
from measurements of both pumps on single vacuoles. Results are the mean ± SEM 
for five to six vacuoles. A one way ANOVA showed a statistically significant treatment 
effect (P<0.05). A two way ANOVA showed a treatment×cultivar interaction effect for 
the ratio. 
 
Discussion 
The patch-clamp technique to study vacuolar proton pumps. 
In this study we used isolated vacuoles from barley and potato leaves to characterize 
the vacuolar proton pumps by using the patch-clamp technique. We included vacuoles 
from barley since these vacuoles were easy to isolate and stable in the patch-clamp 
measurements (van den Wijngaard et al. 2001). Our first efforts to seal vacuoles from 
potatoes were unsuccessful. Then we found out that on the surface of leaves of 
Solanaceae glycoalkaloids like α-chaconine and α-solanine are present (Keukens et al. 
1995). Glycoalkaloids are steroidal toxic secondary metabolites with disruptive effects 
on membranes. After we included extra washing steps to remove alkaloids from the leaf 
surface prior to protoplast isolation, sealing of potato vacuoles was successful ((Bykova 
et al. 2005) see method section). 
As far as we know, no extensive studies have been done before using the patch clamp 
method to study the vacuolar proton pump characteristics of plants exposed to salt stress. 
The electrogenic and biochemical properties of the V-ATPase and V-PPase were studied 
by means of the patch-clamp method some thirty years ago for the first time (Coyaud 
et al. 1987; Hedrich et al. 1986, 1989). Thereafter, the patch-clamp technique was used 
to demonstrate a decrease in V-ATPase in vacuoles from Plantago media when grown 
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at 100 mM NaCl (Maathuis and Prins 1990). Since then, no further patch-clamp studies 
have been reported that characterize changes in vacuolar proton pump properties in 
response to salinity stress.  
In the current study, salt treatment showed a slightly negative effect on the Vmax of the 
V-PPase in vacuoles from potato plants (Fig. 2A) and a moderate increase in the PPi 
dependent outward currents in vacuoles of barley (Fig. 3A). Furthermore, in single 
vacuoles from potato and barley, salt treatment only moderately modified the ATP 
dependent outward currents (Figs. 2B and 3B). Therefore, we conclude that the results 
from the patch clamp measurements do not explain the large differences in salt 
sensitivity that were found before for the potato and the barley cultivars (Jaarsma et al. 
2013; Leonova et al. 2005) 
 
Affinity of the V-ATPase for ATP increases in both potato cultivars after salt 
treatment 
In vacuoles that showed pump activity (e.g. substrate dependent currents), the Vmax of 
the V-PPase in Mozart and Desiree decreased after salt treatment in a similar way for 
both cultivars, whereas the affinity for PPi was unchanged (Fig. 2A). The affinity for 
ATP of the V-ATPase increased in both potato cultivars after salt treatment (Fig. 2B). 
In addition, vacuoles derived from Desiree had a higher affinity for ATP in control 
conditions already as compared to Mozart (Fig. 2B). In our previous study, we isolated 
tonoplast vesicles and found an increase in the affinity for ATP of the V-ATPase as well 
in salt treated Desiree plants (Jaarsma and De Boer 2018). The higher affinity for ATP 
may be a response to the reduced availability of ATP in salt stressed plants. For example, 
the respiratory rate is reduced in many plant species after salt treatment and ATP 
synthesis is repressed (Jacoby et al. 2011). In leaves of winter wheat, salt stress reduced 
ATP availability with 50% to 60 nmol g-1 FW (Zheng et al. 2009). The higher affinity 
for ATP in control conditions found for Desiree combined with the higher Vmax after salt 
treatment as compared to Mozart (Fig. 2B) may contribute to the higher salt tolerance 
found for Desiree in our previous study (Jaarsma et al. 2013).  
 
Outward currents in isolated vacuoles differ from pump activity in isolated 
tonoplast vesicles 
As mentioned earlier, salt treatment showed only moderate effects on the substrate 
dependent outward effects in the current study. Reported effects of salt on vacuolar 
pump activity in potato and barley were much larger in studies where the fluorescence 
quench method was used (Ershov et al. 2005; Jaarsma and De Boer 2018). For example, 
in the tonoplast enriched vesicles from potato, V-PPase activity was two times higher 
in control- and salt treated conditions in Desiree as compared to Mozart (Jaarsma and 
De Boer 2018), while PPi dependent outward currents in single vacuoles were similar 
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between the two cultivars (Fig. 2A). Furthermore, V-ATPase activity decreased severely 
in tonoplast vesicles isolated from both salt treated potato cultivars (Jaarsma and De 
Boer 2018).   
We can only speculate why the two methods shows different results with respect to the 
effect of salt stress on pump characteristics. The patch-clamp method is straightforward 
as the measurements are directly on the tonoplast of the central vacuole of a single cell 
and the isolation is fast. The isolation of tonoplast vesicles takes longer and yields 
membrane vesicles of endosomal compartments including early- and late endosomes 
and the trans-Golgi network (TGN) together with tonoplasts of the central vacuole. All 
these endomembranes contain V-ATPases and V-PPases targeted to different cellular 
locations.  
As for the V-ATPases; it was shown before that endosomal compartments are equipped 
with VHA-a1 V-ATPase subunits, whereas tonoplasts are equipped with VHA- a2 and 
–a3 subunits and RNAi silencing of VHA-a1 in Arabidopsis rendered plants more salt 
sensitive, while the VHA-a2/a3 double mutant was unaffected by salt (Krebs et al. 
2010). In addition, expression of a VHA-c gene from the halophyte species  
Puccinellia tenuiflora (PutVHA-c) and Iris lactea (IrlVHA-c) in Arabidopsis and 
tobacco respectively, enhanced growth and enhanced salt tolerance in the mutants while 
VHA-c localized mainly in cytosolic vesicles and not in tonoplasts (Wang et al. 2016; 
Zhou et al. 2016). This suggests an important role of the V-ATPase in salt tolerance 
while it is active in endosomal compartments instead of the vacuole. Kriegel et al. (2015) 
demonstrated that a mutant lacking both vacuolar proton pumps retains significant 
vacuolar acidification pointing to a considerable contribution of early endosome-
localized V-ATPases to vacuolar acidification (Kriegel et al. 2015) and establishing a 
PMF in the endomembrane system (Martinière et al. 2013). The PMF may already 
energize the Na+ (K+)/H+ antiport in prevacuoles mediated by NHX5 and NHX6 in 
Arabidopsis and interestingly, the nhx5 and nhx6 double mutant showed increased salt 
sensitivity and increased prevacuolar acidification, in addition to other phenotypes such 
as smaller and fewer cells, reduced growth and affected vacuolar trafficking (Bassil et 
al. 2011; Reguera et al. 2015). The question whether the increased salt sensitivity of the 
vha-a1 mutant, the nhx5 and nhx6 double mutant and overexpression of VHA-c is an 
indirect consequence of disturbed vacuolar protein trafficking or a direct result of 
modified prevacuolar Na+ accumulation was addressed before (Schumacher 2014) and 
the large effects of salt on the pump characteristics in the isolated tonoplast vesicles 
from the previous mentioned studies (Ershov et al. 2005; Jaarsma and De Boer 2018) 
compared to the moderate effect of salt on the pump characteristics in single vacuoles 
in the current patch clamp study, supports an important role for endomembrane systems 
and prevacuoles in salt tolerance as was found and suggested before (Garcia de la 
Garma et al. 2015; Munns and Gilliham 2015).  
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Increasing salt levels cause an increase in apparent inactive vacuoles.  
One of the observations we made during the patch-clamp measurements is the apparent 
inactivity of some vacuoles upon addition of substrate (ATP or PPi) to the bath. It was 
reported before that around 70 % of vacuoles derived from roots of sugar beet showed 
significant ATP dependent proton currents (Coyaud et al. 1987). The inactivity of 
vacuoles experienced during patch-clamping has mostly been ascribed to unknown 
physiological conditions or dead vacuoles and cells. In this study, we found that it was 
harder to find active vacuoles in the BB derived from salt treated plants, what suggests 
that the number of vacuoles that lost or deactivated their proton pump capabilities 
increased and more so in salt treated potato plants than in salt treated barley plants.  
The V-ATPase is a multi-subunit protein and is generally considered vulnerable as the 
peripheral V1 complex, which is responsible for ATP hydrolysis, may dissociate during 
stress. The decrease in V-ATPase activity found in barley (Fig. 3B) at high salt could 
be explained by damaged V-ATPase proteins. However, the V-PPase, a single subunit 
protein, showed a similar decrease in barley (Fig. 3A) and potato (Fig. 2A) and may be 
the result of detrimental effects of excess Na+- or decreased K+ levels in leaves (table 1 
and 2). The excess Na+ and decreased K+ levels could lead to programmed cell death 
(Demidchik et al. 2010) and the inactivity of the vacuoles may precede the programmed 
cell death although the inactivity of vacuoles could also be explained by other reasons. 
For example, inactive vacuoles were already found in control plants and the increased 
inactivity in salt treated plants may be an adaptation to stress, for example by regulation 
of proton pumps by other proteins. Recently, 14-3-3 binding to V-PPase was found to 
increase the activity of V-PPase during salt stress (Hsu et al. 2018). So, release of 14-
3-3 from the V-PPase by dephosphorylation, may result in reduced V-PPase activity. In 
Arabidopsis the V-PPase protein (AVP1), T618 was found to be phosphorylated during 
nitrogen starvation and to be present in a 14-3-3 motif  (Engelsberger and Schulze 
2012). Computer modelling revealed several putative phosphorylation, ubiquitination 
and sumoylation target sites that may regulate AVP1 and could specifically address the 
partitioning and transport characteristics of this pump (Pizzio et al. 2017). A reduced V-
PPase activity may be desirable if vacuoles get loaded with cytosolic Na+, K+ or H+ 
from prevacuoles to prevent vacuolar membrane depolarization which could lead to K+ 
and or Na+ leakage from the vacuole.    
 
Vacuoles isolated from barley display lower pump activity as compared to potato 
vacuoles    
Due to the higher salt tolerance of barley plants, we expected that vacuoles of barley 
have higher proton pump activities compared to vacuoles derived from potato plants. 
Although vacuoles isolated from salt stressed barley leaves showed an increase in 
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substrate induced outward currents at higher salt levels in response to higher salt 
treatments (Fig. 3), barley vacuoles displayed far lower pump activity (pA/pF) when 
energized with the highest substrate concentrations (5 mM ATP and 0.1 mM PPi) than 
vacuoles derived from potato plants (Figs. 2 and 3). Barley combines this lower pump 
activity with higher K+ levels as compared to potato (Fig 2, Fig 3, Table 1 and Table 2). 
It is difficult to explain these differences between potato and barley but the higher K+ 
accumulation and the increasing PPi dependent outward currents found for barley 
supports that barley is considered to be more salt tolerant than potato plants. In addition, 
the contradictory results in the ATP dependent outward currents only partly support an 
important role for V-ATPase located in tonoplasts in salt tolerance. The cultivar Desiree 
is more tolerant and ATP dependent outward currents showed a more positive effect to 
salt treatment as compared to the ATP dependent outward current found for Mozart (Fig. 
2A). On the otherhand, Belagorskii is more salt sensitive compared to Elo (Leonova et 
al. 2005) but ATP dependent outward currents increased in Belagorskii but not in Elo 
(Fig 3B). So although the patch clamp method can be used to measure substrate 
dependent outward currents in vacuoles after salt treatment, it is difficult to interpret 
the results to explain differences in salt tolerance between cultivars and species. 
 
Material & Methods 
Plant material and growth conditions 
Four-week old cuttings of two potato (Solanum tuberosum) cultivars Desiree and 
Mozart were planted on four liter pots containing ½ strength Hoagland solution. Four 
pots contained four cuttings of the same cultivar surrounded by a rockwool plug 
embedded in styrofoam on top of the pot and each pot was considered one measurement. 
After four weeks, potato plants were subjected to two salt treatments, 0 mM NaCl and 
60 mM NaCl for two days.  
Barley seeds (cv. Elo and Belagorskii) were germinated on a grid directly above 
multiple four liter pots allowing root growth into a ½ strength Hoagland solution. After 
six days of germination, uniform-sized seedlings were submitted to 0 mM and 60 mM 
NaCl for two days and vacuoles were isolated from randomly picked leaves of seedlings 
at day eight. After these eight days, the remaining seedlings grown at 60 mM NaCl 
received a ½ strength Hoagland solution with a daily additional 30 mM NaCl for the 
next six days and from day eight, vacuoles were isolated every day from seedlings that 
received in total 90 mM NaCl at day nine, 120 mM NaCl at day ten, 150 mM NaCl at 
day eleven and so on. The remaining seedlings grown at 0 mM NaCl at day eight were 
kept at 0 mM NaCl until day fourteen as a control for a possible time effect and vacuoles 
were isolated every day and the Hoagland solution was replenished every day. Proton 
currents in vacuoles derived from barley leaves were measured by energizing vacuolar 
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proton pumps with the highest substrate concentration only (5 mM MgATP and 0.1 mM 
PPI). 
Potato and barley plants were maintained in a growth chamber under a 16:8 h light:dark 
photoperiod, 15◦C: 24◦C night:day temperature and 70% humidity. After salt treatment, 
leaves were harvested and used for protoplast isolation and measuring the ion content. 
Potato leaves lacking trichomes from the third and fourth branch were used for analysis.  
 
Determination of Na+ concentrations  
One hundred mg dried plant material was extracted by one hour boiling in 5 ml MilliQ. 
The solution was filtered through 0.2 μm filters (Whatman, England) and Na+ contents 
in the filtrate were analyzed using high-performance liquid chromatography (HPLC, 
Shimadzu Japan). The HPLC system was equipped with a ø 4.6 mm X 125 mm Shodex 
IC YS-50 column (Showa Denko). As an eluent, 4.0 mM methane sulfonic acid was 
used in HPLC graded H2O (J.T. Baker, The Netherlands) with a flow rate of 1 ml/min. 
Final ion concentrations in the filtrate were calculated according to a calibration curve.  
 
Isolation of vacuoles 
Vacuoles derived from protoplasts isolated from leaves of potato and barley were used. 
Prior to protoplast isolation, potato leaves were rinsed with three different wash buffers 
to remove glycoalkaloids as described before (Bykova et al. 2005). Wash buffer 1 
contained 1% Polyvinylpyrrolidone (PVP), 1% BSA and 4 mM NaOH, wash buffer 2 
contained 1% PVP, 1% BSA and 0.4% SDS and wash buffer 3 contained 1% PVP and 
1% BSA. After each wash step, leaves were rinsed with MQ. After washing, the abaxial 
epidermis was removed by peeling for both potato and barley leaves with small forceps 
to expose the mesophyll cell layer. The exposed mesophyll cell layer was set to float 
with the abaxial side down in enzyme solution (ES) for 30 min at 30 RPM on a rotary 
shaker at room temperature. The ES contained 15 mM MES/TRIS (pH 5.5), 1 mM 
CaCl2, 0.05% PVP, 0.2% BSA, 0.2% Onozuka RS cellulose (Sigma), 0.5% 
macerozyme (Sigma), 0.01% Pectolyase Y-23 (Duchefa Biochemie), set to 530 
mOsm/kg with sorbitol. Then ES was carefully aspirated and replaced by bath buffer 
(BB), containing 10 mM HEPES/KOH (pH 7.5), 100 mM KCl, 10 mM MgCl2, set to 
280-290 mOsm/kg with sorbitol, to release protoplasts. BB osmolality was 50 
mOsm/kg lower than leaf sap osmolality. To determine leaf sap osmolality, multiple 
leaf samples where frozen in liquid nitrogen, crushed, thawed and centrifuged 5 min at 
23,000 g to release sap. The sap was measured on a Wescor 5500 (Wescor, US, Utah, 
Logan) to determine the osmolality. Protoplasts were left in BB for 10 minutes at 30 
RPM and subsequently filtered over an 80 μm sieve in an eppendorf and stored on ice 
until use.  
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Patch clamp recordings 
In the BB many protoplasts spontaneously released their vacuoles and these were used 
for patch-clamp experiments in the whole-vacuole configuration following the 
convention for electrical measurements on endomembranes (Bertl et al. 1992). Patch 
pipettes prepared from 1.5 x 0.86 mm borosilicate glass capillaries without filament 
(Harvard Apparatus, USA) were pulled on a P-1000 pipette puller (Sutter instruments, 
USA) after inner side coating with Sigmacote (Sigma). The tips were fire polished just 
before use and filled with pipette buffer, PB (10 mM MES/KOH pH 6.5, 100 mM KCl 
10 mM MgCl2, set to 285-290 mOSm/kg with sorbitol). Pipette resistances were 2 - 2.5 
MΩ when filled with PB. Vacuoles were left to settle in the recording chamber with BB 
for five minutes and then the bath was perfused with BB at a flow rate of 0.2 ml/min 
for another 5 minutes before a whole-vacuole configuration was established. Vacuoles 
were voltage-clamped at 0 mV and the membrane current was recorded during bath 
perfusion with different buffers: first BB, followed by BB complemented with five 
increasing concentrations of MgATP (312.5 µM  - 5 mM) or pyrophosphate (6.25 µM 
– 100 µM). At the end of an ATP measurement, an additional 100 µM PPi measurement 
was done after ATP washout, in order to calculate the PPi/ATP dependent current ratio 
for the highest substrate concentrations for a single vacuole. Patch-clamp recordings 
were made with an Axopatch 200A amplifier (Axon instuments, USA) and low pass 
filtered using a four pole Bessel filter (internal filter of the Axopatch 200A), digitized 
using a Digidata 1320A (Axon Instruments, USA) and analyzed with pClamp 8.2 (Axon 
Instruments, USA). The current amplitude (fA) of a single vacuole was normalized 
against the membrane capacity (pF) of the vacuole to compensate for size differences 
between vacuoles. 
 
Statistics 
All data in this chapter were obtained from multiple biologically independent pot 
experiments as indicated in the figures. Each pot experiment was arranged in a 
randomized design with two salt treatments for potato and four treatments for barley. 
All data was analyzed with one way ANOVAs and two way ANOVAs with a multiple 
comparison test (Tukeys test; SPSS) or students’s t-test as indicated in the figures. 
Differences between treatments and/or cultivars were considered significant only when 
P<0.05 after statistical analysis. 
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Abstract  
Na+ enters roots passively when NaCl is present in the growth media. In plant root cells 
Na+ entry mediates a salt induced K+ efflux. Scanning of the root profile with K+ 
selective vibrating probe electrodes after salt treatment, has shown before that a lower 
salt induced K+ efflux predicts a higher salt tolerance among cultivars contrasting in 
their salt tolerance. However, not all studies showed this correlation, although higher 
K+ retention is considered to be a trait of more tolerant cultivars. Many of these studies 
were conducted on monocots like wheat and barley which may show other strategies in 
response to salinity than dicots. All species tested so far, showed a salt induced K+ efflux 
in root tips, the elongation zones and the mature zones and in barley, a lower salt 
induced K+ efflux in the mature zone correlates with a higher salt tolerance. In our 
previous studies we found differences in response to salinity between potato cultivars 
and here we tested if these differences in tolerance correlate with salt induced K+ 
effluxes from roots. We tested two commercial potato cultivars contrasting in salt 
tolerance in addition to four diploid potato clones belonging to a (CxE) population used 
to construct a genetic map. In contrast to other species, we found no salt induced K+ 
efflux in the mature zone of potato roots. Due to mucilage excretion on the root cap it 
was difficult to measure K+ efflux at the very tip of the roots, but the few successful 
measurements showed a higher salt induced K+ efflux at root tips as compared to the 
elongation zone. Because of the accumulated mucilage at the root caps most of the 
measurements were done in the elongation zone. Salt induced K+ efflux in the 
elongation zone appeared to be a poor predictor of salt tolerance in potato, despite 
strong varietal differences. The pattern of the salt induced K+ efflux in potato roots was 
different from the previously reported K+ efflux found for Arabidopsis roots. In roots 
of Arabidopsis, the NaCl induced K+ flux showed a rapid efflux and a faster decline in 
the efflux as compared to potato roots. The salt induced K+ efflux in roots of potato 
showed a slow initial increase in K+ efflux followed by a steady state K+ efflux for about 
5 minutes and then the K+ efflux recovered even slower than it started. 
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Introduction 
In agricultural areas, soil salinity is a serious agricultural problem, particularly when 
cultivated land is irrigated. In previous studies it was shown, that potato is a moderate 
salt sensitive species (Maas and Hoffman 1977) but differences in salt tolerance 
between cultivars do exist (Jaarsma et al. 2013). We showed before that the higher 
tolerance to salt of potato cultivars is the result of salt including phenotypes. For 
example, the tolerant cultivar Desiree accumulated more proline than the salt sensitive 
cultivar Mozart and we showed that stem tissues of the tolerant cultivar Desiree serve 
as a sink tissue for Na+ (to prevent Na+ from accumulating in the leaves), while the salt 
sensitive cultivar Mozart accumulated Na+ to higher levels in leaves (Jaarsma et al. 
2013). In low concentrations, Na+ in the cytosol is beneficial to some extent 
(Kronzucker and Britto 2011), but when Na+ accumulates to higher concentrations, Na+ 
sequestration in vacuoles may prevent toxic effects, usually in combination with 
improved K+ retention (Shabala and Mackay 2011). Previously, we showed that Desiree 
accumulated more K+ in leaves as compared to Mozart after salt treatment and it was 
emphasized before, that the ability to retain K+ in leaf mesophyll cells of barley 
correlates with salt tolerance, more so than salt tolerance correlates to Na+ sequestration 
alone (Wu et al. 2015). 
Before K+ can be transported to the shoots, non-selective ion channels mediate K+ 
uptake in roots during normal soil K+ conditions. When soil K+ concentrations are very 
low, the inward K+ channel AKT1 and the high affinity K+ uptake system HAK5 
mediate K+ uptake to ensure sufficient K+ availability to the plant (Nieves-Cordones et 
al. 2014). The uptake of sufficient K+ may be more difficult when roots encounter high 
concentrations of Na+ in the soil and start to passively take up excess Na+ (Maathuis et 
al. 2014). When cells take up Na+ they may suffer from Na+ induced membrane 
depolarization leading to K+ leakage from roots (Shabala et al. 2003). To prevent 
membrane depolarization and to prevent Na+ to do even more harm by interfering with 
cellular enzymatic reactions (e.g. by replacing K+), plants may sequester excess Na+ in 
vacuoles to exclude Na+ from the cytosol.  
Vacuolar sequestration of Na+ is mediated by NHXs, the Na+(K+)/H+antiporter system, 
but NHXs are also involved in K+ and pH homeostasis (Bassil and Blumwald 2014). 
Many studies showed improved salt tolerance in mutants expressing NHXs by 
enhanced vacuolar Na+ sequestration and/or increased K+ tissue concentrations 
(Agarwal et al. 2013). A recent study points to a role for NHXs in K+ retention of root 
cells (Liu et al. 2017). Liu and co-workers (2017) expressed PutNHX1 and SeNHX1 
(Puccinellia tenuiflora and Salicornia europaea) in Arabidopsis and found a reduced 
salt induced K+ efflux from roots as compared to wild type plants and according to the 
authors, this could be explained by improved vacuolar K+ sequestration and presumably, 
an interaction with plasma membrane transport pathways for enhanced salt tolerance 
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(Liu et al. 2017). Previous studies also showed increased K+ accumulation when NHXs 
were expressed in tomato and alfalfa (Leidi et al. 2010; Zhang et al. 2015). The 
transgenic alfalfa displayed a lower salt induced K+ efflux under non-saline and saline 
conditions in roots, suggesting a decreased plasma membrane depolarization and a 
decrease in activated KOR channels during salinity and an improved K+ absorption 
during non-saline conditions (Zhang et al. 2015).  
A decreased salt induced membrane depolarization may lead to a lower K+ efflux from 
roots and K+ ion flux assays performed at the root apex using non-invasive SIET on 
species contrasting in their salt tolerance, showed a positive correlation between salt 
tolerance and the root’s ability to retain K+ during salt stress in poplar, lucerne, wheat 
and barley (Chen et al. 2005; Cuin et al. 2008; Smethurst et al. 2008; Sun et al. 2009) 
but not in maize and rice (Ali 2011; Coskun et al. 2013).       
In the present study we used the Microelectrode Ion Flux Estimation (MIFE) system to 
measure the H+ and K+ fluxes profile along the root of tetraploid and diploid potatoes 
that differ in salt tolerance. It was reported before in other species that these effluxes 
may differ in the root tips as compared to the elongation zone and the mature zone (Ali 
2011; Z Chen et al. 2005), but all species tested so far showed a K+ efflux after salt 
application. In potato, all roots showed a K+ efflux as well upon exposure to NaCl. 
Despite strong varietal differences in salt induced root K+ efflux in potato, the K+ efflux 
was found to be a poor predictor of salt tolerance. 
 
Results 
NaCl induced changes in K+ and H+ fluxes along the roots of Desiree and Mozart 
Fig. 1 shows the K+ profiles along the root axis of 2 weeks old potato cuttings from 
Desiree and Mozart. Roots of potato plants had a large mucilage layer at the root cap 
that hindered the measurements (Fig. 1). Therefore, root scans were initiated at the top 
of the root tip, carefully positioning the electrodes without contacting the mucilage, in 
measuring solution without salt and continued through the elongation zone into the 
mature zone at 10 millimeter from the root tip. 80 mM NaCl was added to the measuring 
solution and the K+ fluxes along the roots were measured again after one hour salt 
exposure. After exposure to salt, the K+ effluxes were highest in the root tip and the salt 
induced efflux decreased by approximately 50% in the elongation zone and control 
levels around two millimeters after the root tip in the mature zone (Fig. 1). In the 
remaining mature zone, the salt induced K+ efflux was the same as the K+ efflux in 
control roots. In all root zones, the K+ efflux was similar and no statistical differences 
were found between Desiree and Mozart (Figs. 1A and 1B). 
The H+ profiles showed a different flux pattern than the K+ profiles in the two cultivars 
(Fig. 2). Basically the H+ flux was unchanged in all root zones for Desiree and relatively 
stable around 0 nmol m-2 s-1 (Fig. 2A) while Mozart showed some higher variation in 
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the elongation zone (Fig. 2B), however no significant differences in the H+ flux were 
found for both cultivars. 
 
 
Figure 1. K+ flux profiles along the root axis of 2 week old potato cuttings. (A) 
Desiree. (B) Mozart. Net K+ fluxes were measured in control roots (closed symbols) 
and roots that had been exposed to 80 mM NaCl for 60 min (open symbols). 
Measurements were started at the root tip and the electrodes were repositioned with 0.5 
mm increments in the elongation zone into the mature zone. The average K+ flux was 
measured for 2 minutes at every position. 
 
 
Figure 2. H+ flux profiles along the root axis of 2 week old potato cuttings. (A) 
Desiree. (B) Mozart. Net H+ fluxes were measured in control roots (closed symbols) 
and roots that had been exposed to 80 mM NaCl for 60 min (open symbols). 
Measurements were started at the root tip and the electrodes were repositioned with 0.5 
mm increments in the elongation zone into the mature zone. The average H+ flux was 
measured for 2 minutes at every position. 
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NaCl induced changes in the K+ and H+ flux profile in the elongation zone of potato 
roots 
Fig. 3 shows the changes in K+ and H+ fluxes between the clones and the cultivars after 
salt addition in the root elongation zone, about 0.4 mm from the root tip. As a reference 
for the salt induced K+ efflux in roots, we included K+ and H+ root flux measurements 
of Arabidopsis (Figs. 3A and 3D). After salt addition, Arabidopsis roots reached a rapid 
increase in K+ efflux within 5 minutes, followed by a fast decline of the K+ efflux in an 
exponential manner (Fig. 3A), as was found before (van Kleeff et al. 2018). Roots from 
the potato plants showed a different K+ efflux pattern, characterized by a slower initial 
increase of the K+ efflux followed by a slower recovery of the K+ efflux after salt 
addition, as compared to Arabidopsis (Figs. 3A, 3B and 3C). Furthermore, a maximum 
peak was difficult to distinguish since the K+ efflux reached a steady loss of K+, 
appearing as an inversed plateau, approximately ten minutes after salt addition (Figs. 
3A, 3B and 3C). After the plateau was steady for about five minutes, the K+ efflux 
slowly declined and the decline lasted for up to two hours before the efflux reached 
levels close to those before salt addition was started. Furthermore, all cultivars showed 
a significant increase in K+ efflux in response to salt addition but the magnitude of this 
efflux was different within and between the clones and the cultivars (Figs. 3A, 3B and 
3C). Differences in the K+ efflux between the clone 27 and clone 709 were most 
pronounced and clone 27 lost much more K+ than the other clones and cultivars (Fig. 
3C). It should be noted that most potato cultivars and clones lost far more K+ than 
Arabidopsis after salt addition, as can be seen from the surface area below the graphs 
(Figs. 3D, E and F). The surface area below the graph represents the total salt induced 
loss of K+ from roots in that particular time interval. To visualize the differences in the 
surface area of each graph (Figs. 3A, 3B and 3C) we used the solver function in excel 
from t=10 to t=40 to calculate the total K+ loss in the first 30 minutes after salt 
application (Fig. 4). Clone C and clone 709 showed the lowest salt induced K+ loss from 
roots among the potato plants and K+ loss was similar to that of Arabidopsis. Desiree, 
Mozart and Clone 27 showed the highest salt induced K+ efflux (Fig. 4).     
Interestingly, after 60 minutes the K+ efflux was still higher as compared to control 
conditions in the elongation zone (Fig. 5A), but differences between the cultivars and 
clones after 60 minutes were not as pronounced as they were in the first 30 minutes of 
salt application (Fig. 4). Salt induced K+ efflux in the mature root zone remained 
unchanged, even after 60 minutes of salt application (Fig. 5B).    
The H+ flux in roots did not show a transient response after salt addition for the different 
cultivars and clones (Fig. 6). H+ fluxes, either influxes or effluxes remained within 
narrow limits and did not show any response in the elongation zone (Figs. 3D, 3E, 3C) 
nor the mature zone (Fig. 5B) of roots to salt application. 
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Figure 3. Transient K+ and H+ flux responses measured in the root elongation zone, 
about 0.4 mm from the root tip, before and after 80 mM NaCl perfusion (indicated 
by arrow). (A, D) Desiree, Mozart and Arabidopsis as a reference, (B, E) clone C and 
clone E, (C, F) clone 27 and 709. 
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Figure 4. Total K+ leaked from elongation zone of plant roots over the first 40 
minutes exposure to 80 mM NaCl treatment. Different letters indicate statistically 
significant differences between the potato plants. (n = 4 - 8). 
 
 
Figure 5. Salt induced average K+ flux responses measured in roots from six potato 
species. (A) Average K+ flux responses in the root elongation zone, about 0.4 mm from 
the root tip, before and after 60 minutes of salt exposure. (B) Average K+ flux responses 
in the root mature zone, about 2.5 mm from the root tip, before and after 60 minutes of 
salt treatment. 
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Figure 6. Salt induced average H+ flux responses in roots measured from six potato 
species. (A) Average H+ flux responses in the root elongation zone, about 0.4 mm from 
the root tip, before and after 60 minutes of salt exposure. (B) Average H+ flux responses 
in the root mature zone, about 2.5 mm from the root tip, before and after 60 minutes of 
salt exposure. 
 
Discussion 
In the current study we measured the salt induced K+ efflux from roots of potato plants 
contrasting in their salt tolerance to investigate the role of K+ retention during salinity 
stress. In previous studies it was shown that a lower salt induced K+ efflux from roots 
correlates with a higher salt tolerance in barley cultivars (Chen et al. 2005) and wheat 
cultivars (Cuin et al. 2008). In our study we found that potato plants showed some 
considerable varietal salt induced differences in K+ efflux from roots but the K+ efflux 
did not correlate to salt tolerance. 
 
Potassium efflux in potato concentrates in root tips 
During salinity, roots leak K+ and the K+ flux profile along the roots has been described 
for barley, wheat, lucerne, poplar and maize (Ali 2011; Z Chen et al. 2005; Cuin et al. 
2008; Smethurst et al. 2008; Sun et al. 2009). Whereas lower K+ leakage correlated with 
salt tolerance in barley, wheat, lucerne and poplar (Z Chen et al. 2005; Cuin et al. 2008; 
Smethurst et al. 2008; Sun et al. 2009), such correlation was not found for maize (Ali 
2011) and rice (Coskun et al. 2013). In studies on barley, maize and Arabidopsis the 
salt induced K+ efflux was higher in the root tip and lower in the mature root zone after 
salt treatment, but the salt induced K+ efflux in the mature zone was much higher than 
the efflux in the mature zone from control roots (Ali 2011;  Chen et al. 2005; Liu et al. 
2017; Shabala et al. 2006). K+ efflux profile along the root axis between Desiree and 
Mozart was similar after salt treatment and also higher in the root tip (Fig. 1). 
Furthermore, in the mature root zone, salt induced K+ efflux was very low and quite 
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similar to control levels for both cultivars after 60 minutes (Fig. 1 and Fig. 5B) of salt 
application. In contrast, barley cultivars showed an increasing K+ efflux over time in 
the mature root zone after salt application and more tolerant barley cultivars showed a 
lower K+ efflux in the mature zone (Chen et al. 2005). Furthermore, although the salt 
induced K+ efflux was much higher in the elongation zone and the root tip (Fig. 1 and 
Fig. 5A), K+ effluxes in these zones do not correlate with salt tolerance either. Stress 
induced K+ efflux from roots was found for other stresses as well. For example, in root 
tips, increased K+ efflux was also found during heavy metal stress (Cu2+) (De Vos et al. 
1989). Obviously, these effluxes are mediated by K+ efflux channels since the K+ loss 
could be blocked by voltage gated K+ channel antagonists such as TEA+ (Murphy et al. 
1999). Furthermore, heavy metal tolerant species showed a smaller K+ efflux than the 
sensitive species de (Murphy and Taiz 1997; Vos et al. 1991) and it was suggested that 
the capacity to maintain high cytosolic [K+] may also be crucial for heavy metal 
tolerance (Demidchik 2014). 
 
Salt induced K+ efflux in roots of potato shows a different pattern as compared to 
Arabidopsis 
To investigate if the salt induced K+ efflux in the root tip differs between salt sensitive 
and salt tolerant potato cultivars or clones, we measured the K+ efflux over time after 
salt application to Mozart and Desiree, complemented with four clones of the C x E 
population contrasting in their salt tolerance: clone C and clone 709 (salt sensitive), and 
clone E and clone 27 (salt tolerant) (Fig. 3). The K+ efflux was measured in the 
elongation zone about 0.4 mm from the tip of the root cap. We chose the elongation 
zone to measure the efflux, i) to avoid interference from the mucilage covering the root 
caps in potato roots and ii) because potato roots did not show a major salt induced K+ 
efflux in the mature zone (Fig. 1). 
As a reference, we included the salt induced K+ efflux from Arabidopsis which showed 
a different pattern in the K+ efflux as compared to the potato cultivars (Figs. 3A, B, and 
C). The K+ efflux in Arabidopsis roots was characterized by a short and instantaneous 
loss of K+, that subsequently recovered relatively fast following an exponential curve 
as was found before (Demidchik et al. 2010; van Kleeff et al. 2018). The K+ efflux in 
potato roots showed a much slower onset and gradually increased to a steady level at 
which the efflux prolonged for about five minutes. Subsequently, the K+ efflux 
recovered even slower as it started (Figs. 3A, B and C). As a consequence of this 
extended K+ efflux in potato as compared to Arabidopsis, most potato cultivars lost far 
more K+ over time as compared to Arabidopsis (Fig. 4). 
Clone C and clone 709 showed a more horizontal pattern in the salt induced K+ efflux 
indicating that these clones lost less K+, while clone 27 showed a very steep salt induced 
K+ efflux and lost more K+ as a result of the salt treatment (Figs. 3 B and C). Desiree, 
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Mozart and clone E all showed an intermediate and similar pattern in the salt induced 
K+ efflux (Figs. 3A and B). Interestingly, the clones that lost the lowest amount of K+ 
were considered more salt sensitive, while the salt tolerant clone 27 showed the largest 
salt induced K+ efflux. From these results we conclude that salt induced root K+ efflux 
does not correlate with salt tolerance in potato.  
Typically, GORK (outward-rectifying potassium selective) channels are activated by 
membrane depolarization, for example, as a result of passive Na+ entry in roots. Van 
Kleeff and co-workers (2018) found a similar prolonged K+ leakage and reduced peak 
flux in Arabidopsis GORK mutants (van Kleeff et al. 2018) as we found in most of the 
salt induced K+ effluxes from potato roots (Fig. 3). Low expression of or mutations in 
GORK could mean that these potato cultivars loose less K+ during saline conditions and 
thereby show better tolerance to salt stress. However, clone 27 is more tolerant than 
clone 709, but clone 27 showed a higher salt induced K+ efflux (Fig. 4). Furthermore, 
in our previous studies we showed pronounced differences in responses to salt between 
Desiree and Mozart with Desiree showing a higher degree of salt tolerance (Jaarsma et 
al. 2013; Jaarsma and De Boer 2018). In this study the salt induced K+ efflux of the 
more tolerant cultivar Desiree was similar to the salt induced K+ efflux found in roots 
for Mozart (Fig 4). Therefore, we could not confirm a correlation between a lower salt 
induced K+ efflux from potato roots and a higher salt tolerance as was reported for 
barley and wheat (Chen et al. 2005; Cuin et al. 2008). 
 
Material and methods 
Plant material and measuring conditions. 
In this study, four genotypes from the diploid, potato (Solanum tuberosum) (CxE) 
population (Jacobs 1995) were used (kindly provided by Dr. G. van der Linden, 
Wageningen University and Research Centre, The Netherlands). Within the CxE 
population clone E and clone 27 were considered to be salt tolerant and clone C and 
clone 777 were considered to be salt sensitive (Dr. G. van der Linden and M. Culemburg 
personal communication). In addition, two commercial potato cultivars (Desiree and 
Mozart) were used for measurements. For the experiment, two-week old cuttings were 
planted on one litre pots containing ½ strength Hoagland solution for three days. The 
medium was refreshed every day. Plants were maintained in a growth chamber under a 
16:8h light:dark photoperiod, 15◦C: 24◦C night:day temperature and 70% humidity.  
Plants with a root length 80±10 mm were used for ion flux measurements. Ion flux 
measurements were done in the distal elongation zone (0.4 mm from root tip) and in 
the mature region just behind the meristematic region (2.5 mm from root tip) to avoid 
contact with the large root cap found on potato roots. Prior to the ion flux measurements, 
plants were placed in a measuring chamber and the roots were immersed in bath buffer 
solution (0.5 mM KCl, 0.1 mM CaCl, 0.1 mM MgCl. pH 5.5-5.7) and fixed to the glass 
Chapter 5. Salt induced K+ and H+ flux characteristics along roots of potato plants 
86 
bottom with Kwik-Cast Sealant (WPI) and set aside for at least 30 minutes. 
Subsequently, the measuring chamber was equipped with a reference electrode and a 
perfusion system and placed in the SIET data acquisition system (Science Wares, Inc, 
Falmouth, USA). Ion sensitive electrodes were prepared from 1.5 mm x 1.17 mm thin 
wall capillaries (Harvard Apparatus), silanized with tributylchlorosilane (Fluka 90796) 
and pulled on a Sutter P-1000 pipette puller resulting in a 2-3 μm tip-opening.  
Electrodes were filled with ion selective cocktails (H+ 95297 or K+ 60031; Fluka) and 
backfilled with buffer containing 100 mM KCl for K+ selective electrodes and 15 mM 
NaCl, 40 mM KH2PO4, pH 7.0 (NaOH) for H+ selective electrodes. Equilibrated 
(overnight in 1 mM KCl) electrodes were placed in a micromanipulator being part of 
the herefore mentioned SIET system and were calibrated shortly before measurements 
in solutions ranging from pH 5-7 for H+ selective electrodes and solutions ranging from 
0.1 mM – 1mM KCl for K+ selective electrodes. The tips of the electrodes were aligned 
and positioned perpendicular to the roots surface at 20 μm distance. Using the 
micromanipulator, electrodes vibrated in- and alternated between two positions, close 
to (20 μm) and away (70 μm) from the root surface. Calibration values (Nernst slope > 
50 mV/day) were used for one day. Ion concentrations were measured in a 10 s cycle 
and net ion fluxes were calculated from the measured difference in electrochemical 
potential for these ions between the two positions using cylindrical diffusion geometry 
(Newman 2001).
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General Discussion 
Salt tolerance is genetically and physiologically a complex trait (Flowers 2004) as 
outlined in Chapter 1. In this thesis we started our survey with measuring general 
parameters involved in salt stress. One important parameter is how commercial potato 
cultivars distribute Na+ throughout their tissues during salt stress. In leaves, Na+ has 
detrimental effects and this has been investigated in many studies (Munns and Tester 
2008; Roy et al. 2014). Since potato plants were not generally involved in such salts 
studies, we focused on the ionic phase of salt stress. 
Na+ enters the plants through the roots. The Na+ influx depolarizes the plasma 
membrane potential and disturbs cellular K+ homeostasis resulting in an efflux of K+ 
from root epidermal cells (Demidchik 2014; Shabala et al. 2006). An important trait in 
roots contributing to salt tolerance is the ability of roots to retain K+ in the roots during 
salinity (Shabala and Mackay 2011). It was reported before that a salt induced 
membrane depolarization may lead to a lower K+ efflux from roots, and a positive 
correlation was found between salt tolerance and the roots’ ability to retain K+ in poplar, 
lucerne, wheat and barley (Chen et al. 2005; Cuin et al. 2008; Smethurst et al. 2008; 
Sun et al. 2009) but not in maize and rice (Ali 2011; Coskun et al. 2013). Furthermore, 
all species tested so far, showed a salt induced K+ efflux in roots. Our results from 
Chapter 5 showed that roots of potato plants lost K+ as well during salinity and although 
we could not correlate the salt induced K+ efflux to salt tolerance in potato, we found 
that recovery of the salt induced K+ efflux was much slower as compared to Arabidopsis 
and barley (Chen et al. 2005) what may explain the general salt sensitivity of potato 
plants. Furthermore, cellular Na+ accumulation in roots is also associated with 
increasing ROS production in roots (Miller et al. 2010). Slow recovery of H2O2 induced 
K+ efflux was found for roots of salt sensitive pea as compared to salt tolerant barley 
due to higher H2O2 concentrations in roots of pea (Bose et al. 2014). In Chapter 2 we 
reported higher salt induced H2O2 concentrations in roots of Mozart than in roots from 
Desiree but the K+ efflux was similar in roots from both cultivars (Chapter 5) indicating 
that K+ efflux from roots after salt treatment does not correlate with higher H2O2 
concentrations in roots.   
In Chapter 2 we reported different Na+ concentrations in root, stem and leaf tissues and 
correlated this to growth performances of the cultivars after salt treatment. After salt 
treatment, the more tolerant cultivar combined higher concentrations of Na+ in roots 
and stems with lower Na+ concentrations in leaves while the more sensitive cultivar had 
higher concentrations of Na+ in leaves and lower Na+ levels in roots and stems and 
showed a premature senescence response. The Plant Tolerance Index (PTI) showed a 
positive correlation with higher Na+ concentrations in stems but not with roots, 
providing breeders a trait to select for while developing salt tolerant potato plants. In 
Chapter 2 we described the Shoot Distribution Index (SDI) as [Na+]leaves/[Na+]stems for 
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60 mM NaCl and 180 mM NaCl. The SDI60 plotted against the SDI180 remained 
constant in the tolerant cultivars indicating that these cultivars have higher abilities in 
controlling the Na+ distribution throughout the plant.  
HKT1 and SOS1 have a major role in distributing Na+ throughout the plant and 
differential expression of- or mutations in HKT1 or SOS1 may be at the base of the 
differences in Na+ distribution between more tolerant and more salt sensitive potato 
cultivars.  
Although SOS1 is involved in Na+ xylem loading in xylem parenchyma root cells and 
in extrusion of Na+ from the cytosol into the rhizosphere from root tips (Shi et al. 2002), 
accumulation of Na+ in SlSOS1 silenced tomato plants increased in leaves and 
decreased in stems as compared to the wild types and the tomato mutants showed a salt 
sensitive phenotype when grown at 100 mM NaCl (Olias et al. 2009; Olias et al. 2009). 
Remarkably, this distribution of Na+ between leaf and stem tissue of the SlSOS1 
silenced tomato plants resembles the distribution of Na+ in the salt sensitive Mozart 
with low levels of Na+ in stems and high levels of Na+ in leaves as compared to Desiree 
(Chapter 2). Therefore, it would be of interest to analyze expression levels of SOS1 in 
roots of Mozart and Desiree in relation to Na+ concentrations in stem and leaf tissues. 
Ishikawa and Shabala (2018) pointed to the this role for SOS1 in Na+ distribution and 
suggested that this trait should be investigated in more detail to be used in breeding 
programs to improve salinity tolerance in crops (Ishikawa and Shabala 2018). 
Another important transporter that is involved in Na+ unloading from xylem are 
members from the HKT family and class 1 HKTs were reported to have high specificity 
for Na+ (Almeida et al. 2013; Hauser and Horie 2010). Higher HKT1 expression in the 
stems of the more salt tolerant cultivars might contribute to higher Na+ concentrations 
in stem tissue of Desiree (Davenport et al. 2007; Horie et al. 2005) or higher 
concentrations of Na+ in stem tissue of Desiree are due to higher affinity for Na+ of 
HKT1 as was found for tolerant tomato species (Almeida et al. 2014). 
If Na+ eventually travels into cells of leaves, efficient removal by sequestrating Na+ in 
vacuoles prevents detrimental effects on cellular processes such as premature 
senescence (Munns and Tester 2008). In Chapter 2 we reported that Mozart showed a 
premature senescence in leaves and higher Na+ concentrations in leaves as compared to 
Desiree which lacks a severe senescence after salt treatment.  
It is commonly believed that excess cellular Na+ is compartmentalized into vacuoles to 
prevent the cellular detrimental effects. Simultaneously, cells produce compatible 
solutes to balance the water potential with the apoplast and the vacuolar lumen. In 
Chapter 2 we reported that Desiree accumulated more proline than Mozart and 
expression of P5CS1 was higher in leaves of Desiree which may contribute to the salt 
tolerance of Desiree. 
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Vacuolar sequestration of Na+ is mediated by Na+ (K+)/H+ antiporters in the tonoplast 
which in turn are energized by the proton motive force (PMF). The PMF is an 
electrochemical H+ gradient established by the V-ATPase and the V-PPase using ATP 
and PPi as substrate respectively. 
One method to study the transport of the Na+/H+ antiport and vacuolar proton pumps is 
to isolate tonoplast enriched vesicles and measure the H+ and Na+ transport by using 
fluorescence dyes like ACMA as we did in Chapter 3 on leaves of potato. The main 
conclusion from Chapter 3 is that the Vmax of both the V-H+-ATPase and the V-H+-PPase 
were reduced by salt in both Mozart and Desiree but the reduction was larger in Mozart 
as compared to Desiree. Furthermore, after salt treatment, the amount of both V-H+-
ATPase and V-H+-PPase proteins were reduced in Mozart but not in Desiree. In addition, 
the Na+/H+ exchange system in the tolerant cultivar Desiree works more efficient as 
compared to the salt sensitive cultivar Mozart. All these results are in line with the 
higher salt tolerance found for Desiree as compared to Mozart. 
In Chapter 4 we used the patch clamp technique to measure the generation of the PMF 
as an electrical current across the tonoplast to provide further details about the dynamics 
of both electrochemical pumps in one single vacuole. If mature vacuoles from leaves 
of potato plants have an important role in sequestering Na+ and the vacuolar 
electrochemical H+ pumps have an important role in energizing the Na+/H+ antiport, it 
is to be expected that substrate induced outward currents would differ between vacuoles 
derived from control and salt treated plants and cultivars as was found for the tonoplast 
enriched vesicles in Chapter 3. Nevertheless, we did not find major differences in 
substrate dependent outward currents in single vacuoles between the potato cultivars 
Mozart and Desiree nor in single vacuoles isolated from leaves of the barley cultivars 
Elo and Belagorskii after salt treatment (Chapter 4). The PPi dependent outward current 
decreased in vacuoles from both potato cultivars and increased in vacuoles from both 
barley cultivars in a similar way and this could be explained by barley being more salt 
tolerant than potato in general.   
In tonoplast vesicles and in single vacuoles isolated from leaves, the affinity for ATP of 
the V-ATPase increased in both potato cultivars after salt treatment (Chapter 3 and 
Chapter 4). In addition, vacuoles derived from Desiree had a higher affinity for ATP in 
control conditions already as compared to Mozart and this may favour Desiree in the 
onset of salt stress when ATP levels become compromised. Still, these small differences 
may not fully explain the large differences in salt sensitivity between Mozart and 
Desiree found in Chapter 2 and the large differences found for tonoplast transport 
activities in Chapter 3.  
We can only speculate what fully explains the large differences in salt tolerance at the 
whole plant level and what this means for salt tolerance in potato. In Chapter 4 we 
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discussed a more prominent role for prevacuoles in Na+ sequestration than the central 
vacuole alone to explain salt tolerance in potato.  
In conclusion, salt tolerance of potato plants relies on how Na+ is distributed between 
different tissues to avoid high salt levels in leaves. At the cellular level, salt tolerance 
relies on a more active endomembrane system in Na+ and H+ transport to avoid high 
salt levels in the cytosol. 
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Summary 
As the world population continues to grow, the availability of renewable freshwater 
resources for agriculture will decrease, and simultaneously the area of irrigated land 
will increase in the attempt to satisfy the need for more food. Nowadays, irrigated land 
already generates one third of all food produced worldwide due to its high productivity 
and 20% of irrigated land is contaminated with high salt concentrations. Therefore, 
salinity stress is the most wide-spread environmental stress limiting crop production 
and the area of salt affected soils will rapidly expand in the near future for various 
reasons. Potato (Solanum tuberosum) is a major crop world-wide and the productivity 
of currently used cultivars is strongly reduced at high soil salt levels. Despite the 
agricultural importance of potato, little is known about the differences and mechanisms 
of salt tolerance in currently used potato cultivars. 
In order to understand the physiological responses of potato plants to salt and to use 
that knowledge in breeding programs we treated six potato cultivars (Russet Burbank, 
Mona Lisa, Mozart, Mondial, Desiree and Bintje) with different salt levels in Chapter 
2. Growth reduction on salt was strongest for the cultivars Mozart and Mona Lisa with 
a severe senescence response at 180 mM NaCl and Mozart barely survived the 
treatment. The cultivars Desiree and Russett Burbank were more tolerant showing no 
senescence after salt treatment.  
In response to salt stress plants accumulate proline as a mechanism for osmotic 
regulation. Analysis of the expression of proline biosynthesis genes in Mozart and 
Desiree showed a clear reduction in proline dehydrogenase (PDH) expression in both 
cultivars and an increase in pyrroline-5-carboxylate synthetase 1 (P5CS1) gene 
expression in Desiree, but not in Mozart. 
A clear difference in Na+ homeostasis was observed between sensitive and tolerant 
cultivars. The salt sensitive cultivar Mozart combined low Na+ levels in root and stem 
with the highest leaf Na+ concentration of all cultivars whereas the more tolerant 
cultivars accumulated Na+ in stem tissue to prevent Na+ transport to leaves. Mozart 
combined a strong senescence response in leaves with a relatively high Na+ leaf 
accumulation, while the potato cultivar Desiree accumulated less Na+ in leaves and did 
not show a senescence response after salt treatment. In view of the premature 
senescence and the higher Na+ accumulation in leaves of Mozart, we used Mozart and 
Desiree in a more in-depth analysis to study differences in the vacuolar Na+ 
sequestration capacity between the two cultivars in Chapter 3 and 4. 
In Chapter 3 we compared Mozart and Desiree for the salt induced changes in activity 
and expression of vacuolar H+-pumps and vacuolar antiporters in tonoplast enriched 
vesicles isolated from leaves. We isolated tonoplast enriched vesicles from leaves and 
tested the transport characteristics of these vesicles in an ACMA fluorescence quench 
assay. The main conclusion from Chapter 3 is that the Vmax of both the V-H+-ATPase 
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and the V-H+-PPase were reduced by salt in both Mozart and Desiree but the reduction 
was larger in Mozart as compared to Desiree. This means that Desiree is capable of 
generating a higher PMF across the endomembrane system as compared to Mozart. 
Furthermore, after salt treatment, the amount of both V-H+-ATPase and V-H+-PPase 
proteins were reduced in Mozart but not in Desiree. In addition, the Na+/H+ exchange 
system in the tolerant cultivar Desiree works more efficient as compared to the salt 
sensitive cultivar Mozart. 
Based on the results from Chapter 3 that shows that Desiree generates a higher PMF 
across the endomembrane system as compared to Mozart, we decided to analyse more 
in detail the proton transport characteristics of tonoplasts in Chapter 4. Therefore, we 
isolated leaf vacuoles from control and salt treated potato- and barley cultivars 
contrasting in their salinity tolerance. We included vacuoles from barley since these 
vacuoles were easy to isolate and more stable in the patch-clamp measurements. 
Subsequently, we used the patch-clamp technique to measure vacuolar pump activity 
as substrate (PPi and ATP) induced outward proton currents.  
Salt treatment showed a slightly negative effect on the Vmax of the V-H+-PPase in 
vacuoles from potato plants and a moderate increase in the PPi dependent outward 
currents in vacuoles of barley. Furthermore, in single vacuoles from potato and barley, 
salt treatment only moderately modified the ATP dependent outward currents. Therefore, 
we concluded that the results from the patch clamp measurements do not explain the 
large differences in salt sensitivity that were found before for the potato and the barley 
cultivars as was found with the ACMA fluorescence quench assay. 
In the patch-clamp study, single vacuoles encircled by tonoplasts were used for testing 
the proton pump activity. In contrast, isolating tonoplast vesicles from total leaf tissue 
may render an assemblage of endosomal compartments in addition to tonoplasts 
including early- and late endosomes and the trans-Golgi network, all containing proton 
pumps that respond differently to salt stress. Hence, the contrasting results between the 
relatively strong reaction found for the proton pumps as measured with the ACMA 
fluorescence quench assay in Chapter 3 and the moderate reaction found for the proton 
pumps as measured with the patch-clamp technique in Chapter 4, may point to an 
important role for the endosomal compartments in salt tolerance. 
In roots, K+ retention is considered to be a trait of more salt tolerant cultivars after 
exposure to salt. All species tested so far, showed a salt induced K+ efflux in root tips, 
the elongation zones and the mature zones of roots. Therefore, in Chapter 5, we scanned 
the root profile with K+ selective vibrating probe electrodes after salt treatment to 
measure the K+ efflux of potato plants contrasting in salt tolerance. In contrast to other 
species, we found no salt induced K+ efflux in the mature zone of potato roots. 
Furthermore, salt induced K+ efflux in the elongation zone appeared to be a poor 
predictor of salt tolerance in potato plants, despite strong varietal differences. In roots 
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of most other species, the salt induced K+ flux showed a rapid efflux and a fast decline 
in the efflux in general. The salt induced K+ efflux in roots of potato showed a slow 
initial increase in K+ efflux followed by a slow K+ efflux recovery resulting in a severe 
K+ loss. This severe K+ loss from the roots after salt treatment as compared to other 
species, may explain the general salt sensitivity found for commercial potato cultivars. 
In conclusion, this thesis illustrates the importance of Na+ distribution throughout the 
plant in relation to salt tolerance in potato plants and of the endomembrane system as a 
way to improve our knowledge on plant salinity tolerance. The knowledge gathered in 
this thesis can provide new insights in breeding for salt tolerant potato cultivars. 
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Samenvatting 
Naar schatting zal de wereldbevolking explosief groeien de komende tientallen jaren. 
Daardoor zal de beschikbaarheid van zoet water afnemen. Tegelijkertijd zal het 
oppervlak aan geïrrigeerde landbouwgrond toenemen in een poging om de 
wereldbevolking van voldoende voedsel te voorzien. Tegenwoordig wordt er 
wereldwijd al een derde van de landbouwgrond geïrrigeerd om de productiviteit te 
verhogen en ongeveer 20% is daardoor vervuild met verhoogde zoutconcentraties. 
Hierdoor is verzilting tegenwoordig de meest ernstige abiotische stress voor de 
landbouw. Om verschillende redenen zal verzilting in de toekomst toenemen. 
Aardappel (Solanum tuberosum) is wereldwijd gezien een belangrijk voedselgewas en 
de productie van aardappels neemt sterk af waneer de zoutconcentratie in 
landbouwgrond te hoog is. Vooralsnog is er weinig bekend over hoe commercïele 
aardappelen omgaan met deze hoge zoutconcentraties. 
Om te begrijpen hoe aardappels in fysiologische zin omgaan met zout en om die kennis 
in veredelingsprogramma’s te gebruiken hebben we zes aardappelrassen (Russet 
Burbank, Mona Lisa, Mozart, Mondial, Desiree, en Bintje) met verschillende 
zoutniveaus behandeld in Hoofdstuk 2. De groeireductie na de zoutbehandeling was het 
sterkst voor de rassen Mozart en Mona Lisa die allebei een sterke verouderingsreactie 
vertoonden en Mozart overleefde deze behandeling nauwelijks. De rassen Desiree en 
Russet Burbank vertoonden deze verouderingsreactie niet en zijn daarmee meer zout 
tolerant. 
In een reactie op zout accumuleren planten proline als osmotische regulatie als gevolg 
van watertekort. Uit een analyse van de proline biosynthese genen in Mozart en Desiree 
bleek een duidelijk afname van proline dehydrogenase (PDH) genexpressie in beide 
rassen. Als gevolg van de zoutbehandeling nam de genexpressie van pyrroline-5-
carboxylaat synthetase (P5CS1) toe in Desiree maar niet in Mozart. Een duidelijk 
verschil werd ook zichtbaar in de ion homeostase tussen de gevoelige en tolerante 
rassen. Mozart (zoutgevoelig) combineerde lage niveaus van zout in de wortels en 
stengels met een hoog zoutniveau in de bladeren terwijl de meer zouttolerante rassen 
het zout in de stengels accumuleerden om te voorkomen dat het zout naar de bladeren 
werd getransporteerd. Mozart vertoonde dus een sterke verouderingsreactie met hoge 
zoutconcentraties in bladeren en Desiree vertoonde deze verouderingsreactie niet en 
had minder zout in de bladeren. Naar aanleiding van deze resultaten uit Hoofdstuk 2 
besloten we om de vacuolaire sequestratie van zout meer in detail te analyseren in de 
bladeren van Desiree en Mozart in Hoofdstuk 3 en Hoofdstuk 4. 
In Hoofdstuk 3 vergeleken we de zout geïnduceerde verschillen in de activiteit van de 
vacuolaire proton pompen en de vacuolaire antiporters in tonoplast verrijkte vesicles 
geïsoleerd uit de bladeren van Desiree en Mozart. Dit hebben we gedaan door deze 
vesicles te gebruiken in een ACMA fluorescence quench assay. De belangrijkste 
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conclusie van Hoofdstuk 3 is dat de Vmax  van zowel de V-H+-ATPase en de V-H+-
PPase afnam in reactie op zout in Mozart en Desiree. Echter, de afname was sterker in 
Mozart in vergelijking met Desiree en dat betekent dat Desiree in staat is een hogere 
PMF te generen over het endomembraamsysteem dan Mozart. Daarnaast namen ook de 
eiwithoeveelheden af van zowel de V-H+-ATPase als de V-H+-PPase in Mozart maar 
niet in Desiree. Ook bleek het Na+/H+ uitwisselingssysteem in Desiree efficiёnter te 
werken dan in de zoutgevoelige Mozart.  
Gebaseerd op de resultaten van Hoofdstuk 3 waaruit bleek dat Desiree een hogere PMF 
genereert over het endomembraamsysteem besloten we om het proton transport over 
alleen de tonoplast uitgebreider te onderzoeken in Hoofdstuk 4. Daarvoor hebben we 
vacuoles geïsoleerd uit de bladeren van zoutbehandelde aardappel- en gerst (Hordeum 
vulgare) planten. De vacuoles van gerst zijn gemakkelijker te isoleren dan de vacuoles 
van aardappels en daarom hebben we ze toegevoegd aan dit onderzoek. Vervolgens 
hebben we de vacuoles gebruikt om de substraat (PPi en ATP) geïnduceerde proton 
stromen te meten met de patch-clamp techniek. De zoutbehandeling vertoonde een licht 
effect op de Vmax van de V-H+-PPase in de vacuoles van aardappel en een gematigd 
effect op de PPi afhankelijke proton stromen in vacuoles van gerst. 
Tevens had de zoutbehandeling slechts een gematigd effect op de ATP afhankelijke 
proton stromen in de vacuoles. Onze conclusie is dat de eerder gevonden verschillen in 
zoutgevoeligheid aangetoond na gebruik van de ACMA fluorescence quench assay 
tussen de aardappelrassen, niet of nauwelijks verklaard kunnen worden met de patch-
clamp metingen. 
In de patch-clamp studie uit Hoofdstuk 4 hebben we de proton stromen van vacuoles 
gemeten die omringd zijn door een tonoplast membraam terwijl de met tonoplast 
verrijkte geïsoleerde vesicles uit Hoofdstuk 3 ook andere endomembrame structuren 
kunnen bevatten zoals vroege- en late endodomen en het trans-Golgi netwerk. Al deze 
endomembrane structuren bevatten protonpompen die elk op een andere manier 
reageren op verhoogde cellulaire zoutniveaus. De verschillende resultaten van deze 
verschillende technieken kunnen er op wijzen dat het endomembraam systeem een 
belangrijke aanvullende functie heeft in zouttolerantie dan de vacuoles alleen. 
K+ retentie in de wortels van planten is een eigenschap van zouttolerante planten. Alle 
soorten die tot nog toe zijn getest vertoonden een zout geïnduceerde K+ efflux in 
worteltopjes, de elongatie zone en de volwassen zone van de wortels. Daarom hebben 
we in Hoofdstuk 5 het wortel profiel van verschillende aardappel rassen gescanned op 
zout geïnduceerd K+ verlies met behulp van K+ selectieve vibrating probe electroden. 
In tegenstelling tot andere soorten hebben we geen zout geïnduceerde K+ efflux kunnen 
meten in de volwassen zone van de wortels van aardappels. Daarnaast bleek de zout 
geïnduceerde K+ efflux in de elongatie zone geen goede voorspeller te zijn voor 
zouttolerantie waar dat voor andere soorten wel zo is. In de wortels van de meeste 
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andere soorten vertoont de zout geïnduceerde K+ efflux een sterke toename gevolgd 
door een snelle afname. De zout geïnduceerde K+ efflux in wortels van de 
aardappelrassen vertoonde een trage maar toenemende K+ efflux die lang aanhield en 
resulteerde in een ernstig K+ verlies. Dit verlies van K+ kan bijdragen aan de algemene 
zoutgevoeligheid van aardappel. 
Samenvattend beschrijft dit proefschrift de significantie van de Na+ distributie door de 
plant in relatie tot zouttolerantie bij aardappel. Daarnaast beschrijft dit proefschrift de 
noodzaak om de rol van het endomembraamsysteem in zouttolerantie verder te 
onderzoeken. Tot slot biedt dit proefschrift inzichten die bij kunnen dragen aan het 
ontwikkelen van zouttolerante aardappels. 
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